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ABSTRACT
¥e have d e v e l o p e d  a c o m p l e t e l y  gene r a l  f i r s t  p r i n c i p l e *  s e l f - o o u -  
■ L a t e n t  f u l l - p o t e n t i a l  i l n e a r i i e d - a u g n e n t e d - p l a n e - w a v e  (LAPl) n e t t e d  
p rogram w i t h i n  t h e  d e n s i t y  f u n c t i o n a l  f o r n a l i am  to c a l c u l a t e  e l e c t r o n i c  
b a n d  s t r u c t u r e ,  t o t a l  e n e r g y ,  p r e s s u r e  and o t h e r  q u a n t i t i e s .  No symme­
t r y  a s s u m p t i o n s  a r e  used f o r  the c r y s t a l  s t r u c t u r e .  Shape u n r e s t r i c t e d  
c h a r g e  d e n s i t i e s  a n d  p o t e n t i a l s  a r e  c a l c u l a t e d  Ins ide  m u f f l n - t i n  (JfT) 
s p h e r e s  a* w e l l  a s  i n  t h e  i n t e r s t i t i a l  r e g i o n s .  All  c o n t r i b u t i o n s  to  the 
H a m i l t o n i a n  m a t r i x  e l e m e n t s  a r e  c o m p l e t e l y  t a k e n  i n t o  a cc oun t .  The core 
s t a t e s  a r e  t r e a t e d  f u l l y  r e l a t i v i s t i o a l l y  u s i n g  the i p h e r l c a l  p a r t  o f  
t h e  p o t e n t i a l  o n l y .  S c a l a r  r e l a t i v i s t i c  e f f e c t s  a re  i nc l uded  fo r  the 
b a n d - s t a t e * ,  and  a p l n - o r b l t  c o up l i n g  i s  I n c l u d e d  us ing a second v a r i a ­
t i o n  p r o c e d u r e .  Both  c o r e  s t a t e s  and va l en c e  s t a t e s  a r e  t r e a t e d  s e l f -  
c o n s  1 s t e n t  l y .  t h e  f r o i e n  c o r e  a p p r o x i m a t i o n  i s  not  r e q u i r e d .  The f a a t  
F o u r i e r  t r a n s f o r m a t i o n  me thod i s  uaed wherever  i t  i s  a p p l i c a b l e ,  and 
t h i s  g r e a t l y  i mpr ove s  t h e  e f f i c i e n c y .  Thi s  s t a t e - o f - t h e - a r t  program has 
been  t e s t e d  e x t e n s i v e l y  t o  check  t h e  a c c u r a c y  and convergence p r o p e r t i e s  
by compar ing  c a l c u l a t e d  e l e c t r o n i c  band s t r u c t u r e s ,  ground s t a t e  p r op e r ­
t i e s ,  e q u a t i o n s  o f  s t a t e  and c o h e s i v e  e n e r g i e s  for  bulk  ¥ and GsAs wi t h  
o t h e r  t h e o r e t i c a l  c a l c u l a t i o n s  and e x p e r i m e n t a l  r e s u l t s .  I t  has  been 
a n o c e a f o l l y  a p p l i e d  t o  c a l c u l a t e  and p r e d i c t  s t r u c t u r a l  and m e t a l - l n s u -  
l a t o r  phase  t r a n s i t i o n s  f o r  c l o s e - p a c k e d  c r y s t a l  BaSe and BaTe and t he  
g e o m e t r i c  s t r u c t u r e  o f  t he  d - band  me t a l  W(OOl) s u r f a c e .  The r e s u l t s  a r e  
i n  g e n e r a l l y  good  a g re e me n t  w i t h  e x p e r i m e n t .
x -
FIRST PRINCIPLES STRUCTURE CALCULATIONS USING IRE GENERAL
POTENTIAL LAPW METHOD
Chap t e r  J  
INTRODUCTION
1 . 1  OBJECTIVE
The a b i l i t y  t o  d i r e c t l y  d e t e r mi ne  the  e l e c t r o n i c  s t r u c t u r e .  e q u i ­
l i b r i u m  geomet ry  end o t h e r  ground i t e t e  p r o p e r t i e s ,  e q u a t i o n - o f - s t a t e  
{ f o r  b u l k  m a t e r i a l s ) ,  s t r u c t u r a l  phase  t r a n s i t i o n s ,  and phouon modes 
fro® f i r s t  p r i n c i p l e s  r e p r e s e n t s  an i mp o r t a n t  s t e p  t owar ds  the  u n d e r ­
s t a n d i n g  of  t h e  b e ha v i ou r  of a v a r i e t y  of  ma t e r i a l * Of or 7 8 j Sk r DS )  ♦
Behavi our  of  m a t t e r  a t  h i gh  p r e s s u r e  has a t t r a c t e d  g r e a t  i n t e r e s t  
r e c e n t l y  due t o  t h e  s i g n i f i c a n t  advance of  h i gh  p r e s s u r e  e i p e r  latent  s i  
t e c h n i q u e s  u s i n g  t h e  diamond a n v i l  c e l  1 ( Jayf iS,CrsB4) . I t  has  b ro u g h t  a 
growing demand t o  pe r fo rm d e t a i l e d  a c c u r a t e  band s t r u c t u r e  c a l c u l a t i o n s  
t u  h e l p  a n a l y z e  and i n t e r p r e t  a r a p i d l y  growing body i  n f  oraia L1 on j d i s ­
c o ve r  new s t a t e s  of  n a t t e r  and u nd e r s t a n d  the  b a s i c  p h y s i c s  u n d e r l y i n g  
h i g h  p r e s s u r e  phenomena such as t h e  i n s u l  a t or - s i e  t a l  I r a n -  
s l t i o n ( C r z 8 4 , AidJM) , e l e c t r o n i c  t r a n s i t i o n  of  f - b a n d  m e t a l s  and com­
pounds  (al l ied v a l e n c e ) {Ch*72 , Deb82 ) and h igh p r e s s u r e  l a t t i c e  dynamics  
and phase  t r a n s i t i o n s ( A i d 8 4 , WeiBtfb).
The fundament a l  problems in s u r f a c e  p hys i c s  i s  t o  d e t e r mi ne  the  a t ­
omic a r r angemen t  on end nea r  su r f aces (Deb77a  ,Fu85b.WelBt ic)- D e s p i t e  the 
f a c t  t h a t  many e x p e r i m e n t a l  s u r f ac e  t e c h n i q u e s  me asur e  the s u r f a c e  
s t r u c t u r e  and c o m p o s i t i o n ,  t h e  da t a  which they y i e l d  a r e  o f t e n  d i f f i c u l t  
t o  i n t e r p r e t s  unambiguous ly ,  somet imes q u a n t i t i e s  measured  wi t h  d i f f e r ­
-  2  -
e n t  m i f a c t  e x p e r l m e t a l  t e c hn i que s  a re  r a t h e r  i n c o n t i n e n t  (Ohn83 K  On 
t h e  o t h e r  band p r e c i t e  t h e r o r e t l c a l  d e t e r m i n a t i o n  of  t u r f t c e  and nea r  
s u r f a c e  s t r u c t u r e  i t  nore d i f f i c u l t  and c o m p l i c a t e d  t i n c e  t h e t c  ayi tema 
a a n a l  1y have v e r y  low lymmetry and r e q u i r e  t h e  t r e a t m e n t  o f  many atoms 
i n  a u n i t  c e l l ( Ing£2)  . Thi t  h a t  r e p r e s e n t e d  one o f  the  no a t  fundamental  
and e x c i t i n g  c h a l l o n g c i  for  t h e o r e t i c a l / c o m p u t a t i o n a l  a t u d i e a  in su r face  
s c i e n c e  .
There  have been n i j o r  advances  In the l a a t  few y e t r a  i n  | ] [  l n l t l o  
t h e o r e t i c a l  methods  fo r  d e t e r mi n i ng  t h e  e l e c t r o n i c ,  v i b r a t i o n a l  (phouon) 
and  c y s t a l l o g r a p h i c  s t r u c t u r e  o f  s o l i d s  and s u r f a c e s  u s i n g  1 o-  
c s l  -  ( a p l n l - d e n t i  t y - f u n c t i o n a l  L(5)DF CEobbf} t h e o r y ( Ho t 7 B , Ho 8 3 , E u u 8 2 ) .
The moat f undamenta l  ground s t a t e  p r o p e r t y  of  a c r y s t a l l i n e  s o l i d  
o r  s u r f a c e  la  I t s  t o t a l  energy.  S i nce  by c a l c u l a t i n g  t he  t o t a l  energy 
u n d e r  changing e x t e r n a l  c i r c ums t anc e  one s h o u l d  be ab l e  to  de t e r t i l ue  
t h o s e  r e l a t e d  p r o p e r t i e s  inch a t  e q u i l l i b r i u m  p h a s e s ,  l a t t i c e  c o n s t a n t ,  
c o m p r e s s i b i l i t y  and force  c o n s t a n t  (Vei86a,WeiBt-b) , To t a l  ene rgy  c a l c u ­
l a t i o n s  r e q u i r e  t h a t  ire perform s e l f - c o n s i s t e n t  e l e c t r o n i c  band s t r u c ­
t u r e  c a t c u l s t i o n s  w i t h  high a c c u r a c y .  This  h a s  become p o s s i b l e  only r e ­
c e n t l y  due to  enormous ly  i n c r e a s e d  computer  power combined wi th  new 
e f f i c i e n t  t h e o r e t i c a l  and computet  i n s  1 methods ( l feluBi)  .
Most LDF c a l c u l a t i o n s  of  t h i s  type have been  pe r fo rme d  f o r  e i t h e r  
s e m i c o n d u c t o r !  o r  s imple  m e t a l s ,  n e i t h e r  o f  which  have t he  a d d i t i o n a l  
c o m p l e x i t y  a r i s i n g  from l o c a l i s e d  e l e c t r o n  s t a t e s  found i n  t r a n s i t i o n  
m e t a l  a and the r a r e - e a r t h  e l e m e n t s .  I t  i t  t h e a e  l o c a l i z e d  s t a t e s ,  how­
e v e r ,  which p l a y  a pr imary r o l e  i n  the  many i n t e r e s t i n g  p r o p e r t i e s  o f  
t h e s e  m a t e r i a l s  such  as magnet ism,  c a t a l y t i c  a c t i v i t y ,  o b s e r v e d  s u r f a c e
4r e c o n s t r u c t  I odi  of  t b s  t r a n s i t i o n  a e t a t a ,  i n d  m i x e d - v a l e n c e  or  f l u c t u a t ­
ing  va l ence  of some 4 f  r a r e - e a r t h  sys t ems ,  Not o n l y  i t  t he  t e c h n i c a l  
s o l u t i o n  of  the L(S)DF e q u a t i on s  d i f f i c u l t  f o r  t h e n  sys t ems ,  bu t  t he  
adequacy of c u r r e n t  dens i  t y - f u n c t i o n u l  appr o x i d a t i o n s  (mud/or  the  impor ­
t ance  of n o n - l o c a l  e f f e c t s )  i t l l l  needs  t o  be f u l l y  i n v e s t i g a t ­
e d  ¥eiB6b , Cer84> ,
Because of  the  e x t e m i v e  c a l c u l a t i o n s  r e q u i r e d  f o r  the  i c c o n t e  
band s t r u c t u r e  c a l c u l a t i o n s  many of t h e  e a r l y  c e 1c n l * t i o n s  i r e  b a t e d  on 
s i m p l i f y i n g  assumpt ion* ( e . g .  s p h e r i c a l  r u f f i n - t i n  (MT) p o t e n t i a l ,  f r o -  
i e n  core,  n e g l e c t  of  r e l a t l v i s t i c  e f f e c t s  and t h e  u t e  of  symmetry n -  
s tunp t i on) . Al though t h e s e  c a l c u l a t i o n s  have he l pe d  In under  s t a n d i n g  t he  
p h y s i c s  of the m a t e r i a l s ,  t h e i r  usage v a t  o f t e n  U n i t e d  and tone t i n e s  
t h e  i n fo r ma t i on  they p rov i ded  was ambiguous .  I t  i s  d i f f i c u l t  t o  use 
t h e se  methods t o  i n v e s t i g a t e  some i mp o r t a n t  as s umpt i on*  and approxima­
t i o n s  which are  wi de l y  used i n  the band s t r u c t u r e  c a l c u l a t i o n s ,  l iLe  t he  
l o c a l  d e n s i t y  f u n c t i o n a l  a p p r o x i m a t i o n ( t o h t i ) - Since i n  t h e s e  e a r l y  c a l ­
c u l a t i o n s  the  e f f e c t i v e  t i n g l e  p a r t i c l e  Eohu-Shatt  e q u a t i on *  a r e  so l ved  
u s i n g  a d d i t i o n a l  a pp r ox i ma t i ons  t h a t  r e s u l t i n g  e r r o r s  o bs cu r e  the e f ­
f e c t s  of  the  p h ys i c a l  approx i ma t i on .
In view of the  c u r r e n t  s i t u a t i o n  and c o n s i d e r i n g  t h e  d r a m a t i c a l l y  
i n c r e a s e d  comput ing power and new compu t a t i on a l  a p p r oa c h e s ,  i t  i s  ve ry  
d e s i r a b l e  t o  develop a h i g h l y  a c c u r a t e ,  c ompl c t l y  g e n e r a l  program which 
ha s  as  few s i m p l i f y i n g  a s sumpt i ons  as  p o s s i b l e .
The f u l l - p o t e n t i a l  l i n e a r i z e d  augmented p l a n e  wave (LAPW) meth­
od (Kra79,fim&2 ,Era83} i s  one of the  most  s o p h i s t i c a t e d  and b e s t  ap­
p r oache s  to f e r  for  a c c u r a t e  c a l c u l a t i o n s  of  p r o p e r t i e s  of  m a t e r i a l s ,
p a r t i c u l a r l y  f o r  d -  and f -ba t id  me t a l *  and compound* s i n ce  i t  ha* t h e  ad­
van t age  of  l o c a l i r e d  o r b i t a l *  which f u n c t i o n  w e l l  i n  t h e  co r e  r e g i o n  of 
atom* and o f  p l a ne  wave* which work we l l  be t ween  atom*.  R e c e n t l y  t h i *  
ne t hod  ha* been need s u c e s s f u l l y  f o r  t h i n  f i l m  whore a new t e c h n i q u e  
f o r  s o l v i n g  t h e  P o i a a o n ' *  e q u a t i o n  he* been  usedfVimftl  . I f e i n S l ) and a l l  
t he  c o n t r i b u t i o n *  t o  t h e  p o t e n t i a l  have been  c o m p l e t e l y  t a ken  I n t o  ac­
count  i n  t h e  H a mi l t o n i a n  m a t r i x  e l em e n t * .  The t o t a l  ene rgy  1* c a l c u l a t e d  
i n  a way(¥einB2)  where the  very l a r g e  p o s i t i v e  k i n e t i c  ene r gy  i s  can­
c e l e d  a n a l y t i c a l l y  by the  very  l a r g e  n e g a t i v e  p o t e n t i a l  energy  t h e r e f o r e  
e l i m i n a t i n g  the  n u m e r i c a l  I n s t a b i l i t y  accompanied f o r  the  a l l  e l e c t r o n  
a p p ro ac h .  The r e s u l t *  o b t a i n e d  from the  t h i n  a l a b  c a l c u l a t i o n *  demos- 
t r a t e  t h e  h i gh  a c c u r ac y  p o s s i b l e  w i t h  t h i *  method.
The aucces*  of  t h e  a l l - e l e c t r o n  LAFW method approach  f o r  s l a b s  en­
couraged  us t o  g e n e r a l i z e  t h i *  method f o r  c a l c u l a t i o n *  of  b u l k  m a t e r i ­
a l*  as  we l l  as  s u r f a c e s  and t o  p r o v i d e  r e l i a b l e  r e s u l t *  f o r  t h o s e  ground 
s t a t e  p r o p e r t i e s  l i k e  l a t t i c e  c o n s t a n t ,  c o m p r e s s i b i l i t y ,  phase  t r a n -  
* i t i o n ( V i n B 2 ) , and phonon *pect rnm<£hmRl) .
I n  t h i s  work we have deve l op e d  a c o m p l e t e l y  g e n e r a l  f i r s t  p r i n c i ­
p l e s  s a l f - c o n a i t t e n t  f u l l - p o t e n t i a l  1 i n e r i a e d - a u g m e n t e d - p l a n e - w a v e  
(1APW) method program w i t h i n  the  d e n s i t y  f u n c t i o n a l  f o r ma l i sm t o  c a l c u ­
l a t e  e l e c t r o n i c  band s t r u c t u r e ,  t o t a l  e n e r gy ,  p r e s s u r e  and o t h e r  q u a n t i ­
t i e s .  No symmetry a s s u mp t i on s  a r e  uted f o r  t h e  c r y s t a l  s t r u c t u r e .  The 
shape u n r e s t r i c t e d  c h a r ge  d e n s i t y  and p o t e n t i a l  a r e  c a l c u l a t e d  i n s i d e  NT 
s phe r e s  a s  we l l  as i n  t h e  i n t e r s t i t i a l  r e g i o n s ,  Al l  t h e  c o n t r i b u t i o n *  t o  
the  H a mi l t o n i a n  m a t r i x  e l emen t s  a r e  c o m p l e t e l y  t a ken  i n t o  a c c o u n t .  The 
core s t a t e s  a r e  t r e a t e d  f u l l y  r e l a t l v l s t i c a l l y  u s i ng  t h e  s p h e r i c a l  p a r t
o f  the  p o t e n t i a l  o n l y {Lib6 5) » S c a l a r  r e t a t i v i i t i c  a f f e c t *  a r e  i n c l u d e d  
fo r  tlie b a n d - s t a t e e ( K o c S l ) , and i p i p - o r b i t  coup l i ng  l a  i n c l u d e d  u s i n g  a 
second v a r i a t i o n  procedure(Macf tO) , Both c o r e  a t a t e a  and v a l e n c e  s t a t e s  
a re  t r e a t e d  i c l f - c o u t i * t e n t l y , the  f r e i e n  co r e  approxia ixt  lc>n(Zun79) i a  
no t  r e q u i r e d .  The f e a t  F o u r i e r  t r * n * f c r n a t i o n  ne t hod  i t  used wherever  
i t  i t  a p p l i c a b l e  and t h i *  g r e a t l y  i n c r e a s e *  t h e  c a l c u l a t i o b a l  e f f i c i e n ­
cy . T h l t  i t  a f l r a t  p r i n c i p l e *  approach i n  t h a t  t he  o n ly  i n p u t  l a  t h e  
a t on i c  number and i n f o r m a t i o n  of  the c r y i t a l  s t r u c t u r e .  The only  f unda ­
mental  a p p r o x i m a t i o n  in  t h i *  program 1* the u te  of  t h e  l o c a l  d e n t i t y  
f u n c t i o n a l  approx i mat i on  * Since  the  d e n a i t y  f u n c t i o n a l  t he ory  i a  in  f a c t  
the fundat lOD of moat  modern bind s t r u c t u r e  c a l u l s t i o n s .  I t h a l l  b r i e f l y  
review t h l t  theo ry  in  the  nex t  s e c t i o n .  T h l t  paper  i a  o r g a n i s e d  a* f o l -  
lowi:  I n  Chapter  I I  t h e  fo rmal i sm o f  the g e n e r a l  p o t e n t i a l  LAPW method 
w i l l  be r ev i e we d .  Ch ap t e r  111 and Chap t e r  IV thaw our  e x t e n a i v e  t e t t i n g  
c a t e  f o r  t h e  heavy d-band t r a n s i t i o n  meta l  W and the compound *emicon­
duct  or G«Ai .  Chapt e r  V d e m o n s t r a t e *  t h e  a b i l i t y  of  t h i *  method combined 
wi th  the l o c a l  d e n a i t y  f u n c t i o n a l  a p p r o x i m a t i o n  in  p r e d i c t i n g  t h e  t t r u c -  
t u r a l  and met* 1 - i n s u l a t o r  t  r e m i t  ion  o f  the c l o s e - p a c k e d  BaSe end BaTe.  
In Chapt e r  VI we show r e s u l t s  which d e t e r mi ne  the  WtOOl) s u r f a c e  r e c o n ­
s t r u c t i o n  and r e l a x a t i o n .  Conc l us i ons  a re  g i v e n  in Ch ap t e r  V I I .
1 . 2  LOCAL PBHBITY FUNCTIONAL APPBOIIMATION
An Impor t ant  b r e a k t h r o u g h  in  t h e  u n de r s t a n d i ng  o f  m i c r o s c o p i c  i n ­
t e r a c t i o n  In s o l i d s  was t h e  development  of  t h e  d e n s i t y  f u n c t i o n a l  t h e o -  
rem([Job 6 4 ,Kohri3) , Almost  a l l  modern atomic and  band s t r u c t u r e  c a l c u l a ­
t i o n s  a r e  based on t h i s  a s sumpt i on  to d e s c r i b e  t he  m a n y -e l e o t r o n
7i n t e r a c t i o n * ,  They have been, r ema r ka b l y  s u c c e s s f u l  i n  o b t a i n i n g  good 
agreement  w i t h  e x p e r i m e n t a l  q u a n t i t i e s  snob a* t h e  t o t a l  e n e r gy ,  charge  
d e n s i t y  and t h e  r e l a t e d  l a t t i c e  c o n s t a n t ,  bu lk  modulus ,  and i n t e r a t o m i c  
force  c o n s t a n t s .
E l e c t r o a a  i n  condensed m a t t e r  a r e  h i g h l y  c o r r e l a t e d  wi t h  each o t he r  
through e l e c t r o * t a t i c  i n t e r a c t i o n  and t h e  o p e r a t i o n  of  t h e  P a u l i  e v o l u ­
t i o n  p r i n c i p l e .  Then an e l e c t r o n  n o v t t .  t he se  i n t e n t i o n *  w i l l  cause  a 
r e d i s t r i b u t i o n  of  *11 t h e  o t h e r  e l e c t r o n *  and form a so c a l l e d  exchangc-  
c o r r e l a t i o n  h o l e  s u r r ound i ng  the  e l e c t r o n .  I t  l a  t b i a  s c r e e n i n g  e f f e c t  
which make* I t  imposs i b l e  t o  u*e the  i ndependen t  e l e c t r o n  p i c t u r e  f o r  a 
t h e o r e t i c a l  d e s c r i p t i o n  o f  a condensed sys t em.  But beca use  t he y  are  
h i gh l y  c o r r e l a t e d  the e l e c t r o n  t o g e t h e r  wi th  i t s  e x c h a n g e - c o r r e l a t l o o  
ho l e  can be d e s c r i b e d  by a to c a l l e d  q u a s i p a r t i  o l e , I t  i s  t h e  m o t io n  o f  
such a q u a s i p a r t i c l e  which i s  a p p r o x i m a t e l y  i nde pe nde n t  and i t  La t h i s  
approximate  independence which r e n d e r s  t h e  d e s c r i p t i o n  o f  nuany-e l ec t ron  
problem t r a c t a b l e .  That  i a  we can r educe  the miny e l e c t r o n  problem t o  a 
s e t  of  s i n g l e  e l e c t r o n  p roblem and a l l  many e l e c t r o n  e f f e c t s  a r e  i n c l u d ­
ed only t h rough  an e f f e c t i v e  one e l e c t r o n  p o t e n t i a l .  D e n s i t y  f u n c t i o n a l  
theory  has  p r ov id ed  a r i g o r o u s  t h e o r e t i c a l  b a s i s  f o r  e x p l o i t i n g  t h e  qua­
s i p a r t i c l e  concept  to s t u d y  the  many i n t e r a c t i n g  e l e c t r o n *  of  condensed 
m a t t e r  u s i n g  t h e  s e l f - c o n s i s t e n t  band s t r u c t u r e  method.
The d e n s i t y  f u n c t i o n a l  theorem i s  based  on two theorem* p r oven  by 
Bobenberg and Kohn(UohG4}. F i r s t ,  p r o p e r t i e s  of t h e  ground s t a t e  of  an 
inhomogenious i n t e r a c t i n g  e l e c t r o n  ga* a r e  u n i v e r s a l  f u n c t i o n a l s  of  the 
e l e c t r o n  d e n s i t y  pCrl , Second,  the  ground s t s t e  e n e r gy  f u n c t i o n a l  i s  
s t a t i o n a r y  wi t h  r e s pe c t  t o  v a r i a t i o n s  i n  the  e l e c t r o n  d e n s i t y  and t ake*
on i t s  jainiamii v a l u e  a t  the  t r u e  e l e c t r o n  d e n s i t y .  The at  croud of  the 
theo rems  I t  11*ad by Kohn and Shaai{Eoh65) t o  J u s t i f y  the  use of  an a u x i l ­
i a r y  i nde pe nde n t  p a r t i c l e  e q u a t i o n  f o r  c a l c u l a t i n g  t h e  charge  d e n s i t y  
p and t h e  ground s t a t e  ene rgy .  Urn t o t a l  energy  can be w r i t t e n  a t
E t p ] = T [ p J + U [ p l + f  Ve a t ( ? ) p ( r ) d ? + E x t [p]
'  (1)
where T[p]  i t  t h e  k i n e t i c  ene r gy  of  the n o n - i n t e r a c t i n g  e l e c t r o n s  of  
d e n s i t y  p ( i ) ,  b [ p l  i t  t he  e l e c t r o n - e l e c t r o n  coulonb r e p u l s i o n ,
I t  t h e  i n t e r a c t i o n  w i t h  t h e  e x t e r n a l  p o t e n t i a l ,  which i n c l u d e s  t h e  e l ec ­
t r o n i c  I n t e r a c t i o n  wi t h  the f i x e d  n u c l e i ,  and Ei C [p] i a  the  s o - c a l l e d  
e x c h a n g e - c o r r e l a t i o n  energy f u n c t i o n a l ,  In which a l l  t he  nany body ef ­
f e c t *  a r e  i n c o r p o r a t e d .
They showed t h a t  t h e  m i n i m i z a t i o n  of  Etp]  l e a d s  to the  s e l f - c o n -  
a l s t e n t - f l e l d  e q u a t i o n s
Here a r e  the Lagrange  m u l t i p l i e r s  which are  o f t e n  i n t e r p r e t e d  ai  
q u a a i p a r t i d e  e x c i t a t i o n  or  o r b i t a l  e n e r g i e s  and
V ( r )  -Ve (?> +Ve r t ( r ) +Vi c ( r )
<4>
i s  t h e  e f f e c t i v e  one e l e c t r o n  p o t e n t i a l  and i i  t he  c l a s s i c a l  Har t r ee  
p o t e n t i a l ,  V61t  i s  the  e x t e r n a l  p o t e n t i a l  wbicb in most a p p l i c a t i o n s  in­
c lude  t h e  Coulonb a t t r a c t i o n  from the  n u c l e i  and V i s  the  exchange 
c o r r e l a t i o n  p o t e n t i a l  d e f i n e d  as
l b  E q . ( 3 ) t h e  wave f u n c t i o n s  used t o  c o n s t r u c t  the  e l e c t r o n  charge  
d e n s i t y  a r e  de t e r mi n e d  by t h e  Eohn—Sham one p a r t i c l e  e q u a t i o n  c o n t a i n i n g  
t h e  e f f e c t i v e  p o t e n t i a l  t e rm wh i ch  ip  t u r n  depend*  on t h e  e l e c t r o n  
charge d e n s i t y ,  t h e r e f o r e  t h e  Kuhn-Sham e q u a t i o n  u n i t  he s o l ved  a e l f -  
c o m l s t e n t l y  Id t he  i t e r a t i o n  p r o c e d u r e  u n t i l  t h e  i n p u t  and t he  o u t p u t  
charge  d e n s i t y  a r e  i d e n t i c a l .
I f  p ( r )  i j  s u f f i c i e n t  ( l o w l y  v a r l n g  Ei ( ; [p]  c an  be a p p r ox i m a t e d
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where a i*  t h e  e r c h a n g e - c o r r e l a t i o n  ene r gy  p e r  e l e c t r o n  o f  an i n t e r ­
a c t i n g  homogeneous e l e c t r o n  gas  w i t h  t h e  cha rge  d e n s i t y  p ( r O ,
The l o c a l  d e n a l t y  a p p r o x i m a t i o n  (LDA) i t i i m e i  t h a t  t h e  c o n t r i b u t i o n  
o f  exchange and c o r r e l a t i o n  t o  t h e  t o t a l  e n e r gy  c an  be accumul a t ed  a d d i — 
t i v e l y  f rom each  p o r t i o n  o f  a n o n - u n i f o r m  gas  a s  i f  i t  were l o c a l l y  u n i ­
form .
In t b i t  l o c a l  d e n s i t y  a p p r o x i m a t i o n  (LDA)
U n f o r t u n a t e l y  the  f u n c t i o n  i s  i t s e l f  known o n l y  a p p r o x i -
n a t e l y  and t h e r e  are  many forms c u r r e n t l y  be i ng  used 
filed?] .WigJd , S l a 5 l  1 . Those t h e o r i e s  have a l s o  b e e n  g e n e r a l i z e d  t o  i n ­
clude sp in  p o l a r i z a t i o n  ( B a r 7 2 *Gun76) and r c l s t l v l a t l c  e f f e c t s  (Mac79) .
( 6 )




The Hohenberg-Eohp-Shat r  d e n s i t y  f u n c t i o n a l  f ormal i sm and i t *  g e n e r ­
a l i s a t i o n  have been  used  w i d e l y  and s u c e s a f u l l y  In  r e c e n t  bend s t r u c t u r e  
c a l c u l a t i o n * , ma in ly  b e c a u s e  of  t h e  Apparent  s uc c e s s  end compu t a t i ona l  
s i m p l i c i t y  of t h e  LDA o f  the  o x c h a n g e - c a r r e l a t i o n  f u n c t i o n a l ,  On t he  
o t h e r  hand t h e r e  e r e  i t  111 many p r o b l e m  a s s o c i a t e d  wi th  t h e  LDA, One of  
the  w e l l  know problem* 1* t h a t  LDA s e v e r l y  u n d e r e t i l m a t e e  the  o p t i c a l  
gap i n  s e mi c onduc t o r s  and i n s u l a t o r s  by about  40% or  more(Wanfl i ) , ou r  
r e c e n t  f u l l y  r e l a t i v l e t l c  LAJTf c a l c u l a t i o n  f o r  GaA* w i t h i n  the  LDA f i n d  
t b a t  t h e  d i r e c t  ene rgy  gap i s  o n l y  D.15 eV {1/ ID of the e x p er i me n t a l  
v a l u e ) ( E r a S t i }.
Much work has  been done to s eek  c o r r e c t i o n s  beyond t h e  LDA end a 
b e t t e r  u n d e r s t a n d i n g  f o r  t h e  Lagrange m u l t i p l i e r s  which a r e  o f t e n
and i n  many c u e s  s u c c e s s f u l l y  i n t e r p r e t e d  as  qua c i p a r  t i d e  e x c i t a t i o n  
or  o r b i t a l  e n e r g i e s  In e l e c t r o n  s t r u c t u r e  c a l c u l a t i o n s ,  A number of  i n ­
v e s t i g a t o r s  have c o n s i d e r e d  i n c l u d i n g  more t e rms  i n  t h e  d e n s i t y - g r a d l e n t  
expaDBion(Per77>Gup77>„ o t h e r  i n v e s t i g a t o r s  have used  v a r i o u s  schemes t o  
t r e a t  t h e  n o n l o c a l - d e n  s i t y  f u n c t i o n a l ( Lao77 , Gun79 , La n S3 ) . Re c e n t l y  i t  i s  
found t h a t  a d e r i v a t i v e  d i s c o n t i n u i t y  of  the  e x c h a n g e - c o r r e l a t i o n  p o t e n ­
t i a l  i s  r e s p o n s i b l e  f o r  the  seve r e  u n d e r e s t i m a t e  of  the fundamenta l  en­
ergy  g a p ( S h a £ 3 , P e r B 3 ) . i t  has  been shown t h a t  i n c l u s i o n  of  en e r g y - de p e n ­
dent  s o l f - l n t e r e c t i o n  c o r r e c t i o n  w i l l  taring the energy gap t o  a b e t t e r  
agreement  w i t h  expe r i men t  a ( P e r S l , Va nB3 , P l c84 , Be a B4) . I n v e s t i g a t i o n  on 
the  d e n s i t y  f u n c t i o n a l  theorem i s  s t i l l  a f undamenta l  and a c t i v e  f i e l d  
i n  condensed  m a t t e r  p h y s i c e ( L o u B S ) ,
Ch ap t e r  I I  
METHOD OF CALCULATION
The fundement .nl  p r ob l e m i n  b ind  s t r u c t u r e  c a l c u l a t i o n  I* t o  gener ­
a t e  a c r y s t a l  p o t e n t i a l  a c c o r d i n g  t o  the  cha rge  d i s t r i b u t i o n  m d  to 
s o l v e  ael  f - c o n s i s t o u t l y  t h e  t i n g l e  p a r t i c l e  Bohn-Sham e q u a t i o n
The Bloch wive  f u n c t i o n  Q ^ ( r )  r e f e r s  to  • a t i t e  of  wave v e c t o r  
1l i n  band n .  For  i  s p i n  p o l a r i s e d  c a l c u l a t i o n  t he  band Index i l i o  
i n c l n d e i  t h e  s p i n  d i r e c t i o n ! .  The ene rgy  band* a r e  de s c r i be d  by the band
( l R y - T 3 , 6  eV) w i l l  be u s e d  t h r ou g h  o u t  t h i s  p a p e r  u n i t e s  o t h e r w i s e  s t a t -  
o d . The e f f e c t i v e  p o t e n t i a l  V ( r )  c o n t a i n s  the Coulomb p o t e n t i a l  
o f  t h e  n u c l e i  and tbo  e l e o t r o n a  of  t h e  system and the exchange-cr ' r r  c 11 -  
t i o n  p o t e n t i a l  in  t h e  1o c a l - ( t p i n ) - d e n s l t y - f u n c t l o n a l  a pp r ox i ma t i on .
(S)
f u n c t i o n s  e =i i A t o n i c  u n i t s  w i t h  energy i n  Etydberga
7 3— dr+Y f r )
where  Z i t  t he  a t o n i c  number  of  the  n u c l eu s ,  p< r ) i s  t he




i n  which 9  i s  a u n i t  s t e p  f u n c t i o n
jQO
0 (x ) ={
lo x< 0
(11)
In  a s e l f - c o n s i s t e n t  i t e r a t i o n  p r oc e d u re  t h e  e f f e c t i v e  p o t e n t i a l  i s  
c a l c u l a t e d  from an a t t u n e d  a t  a n t i n g  cha rge  d e n s i t y  and then u i e d  t o  c a l -
t a l n e d  wave f u n c t i o n *  a r e  u tvd t o  b u i l d  op t he  new charge  d e n s i t y .  Th i s  
p r o c e s s  l a  c o n t i n u e d  u n t i l  t he  d i f f e r e n c e  be t ween t he  i npu t  and o u t p u t  
ch a r g e  d e n s i t y  ( p o t e n t i a l )  i s  w i t h i n  a s p e c i f i e d  t o l e r a n c e .  From t h i s  
s e l f - c o n s i s t e n t  charge  d e n s i t y  ene rgy  banda ,  t o t a l  e n e r g y ,  d e n s i t y  o f  
s t a t e s  and  o t h e r  q u a n t i t i e s  can be c a l c u l a t e d .
In  t he  f o l l o w i n g  s e c t i o n s  t h e  g e n e r a l i z e d  LAPW method i t  r ev i e we d  
i n  tone d e t a i 1«.
1 . 1  BASIS FUNCTION
I n  t he  1i n e a r i i e d - a u g n e n t e d - p l t n e - w * v e  (LAPW)(AndTS) a p p ro ac h ,  i l l  
space  i s  d i v i d e d  i n t o  (1) MT s ph e r e s  which a r e  c e n t e r e d  a t  each n u c l e u s  
and (2) t h e  i n t e r s t i t i a l  r e g i o n s  between them. The v a r i a t i o n a l  wave 
f u n c t i o n  i s  expanded as
l a t t i c e  v e c t o r  and Cgn a r e  t h e  v a r i a t i o n a l  c o e f f i c i e n t * .  In t he  i n '  
t e r i t l t l *1 r e g i o n  where t h e  p o t e n t i a l  v a r i e s  smooth l y  the  b a s i s  f u n c ­
t i o n s  a r e  chos en  t o  be p l a n e  waves ,  I . e .
l a t e  t he  e n e r gy  bands  a t  a s  many p o i n t s  i n  "t space  a t  d e s i r e d .  The ob-
( 1 1 )
where n lb  t h e  ene r gy  band index , (> s p e c i f i e s  a p a r t i c u l a r  r e c i p r o c a l
13
r  £ i n t e r s t i t i a l ,
(13)
where Q i s  t h e  volume o f  the  u n i t  c e l l .  I n s i d e  t h e  MT s phe r e  r e g i o n s  
the  p o t e n t i a l  i s  s t r o n g l y  n e g a t i v e .  For  v a l e n c e  s t a t e s  t h e  l a r g e  neg­
a t i v e  p o t e n t i a l  energy  i s  c a n c e l l e d  by a c o r r e s p o n d i n g l y  l a r g e  k i n e t i c  
e ne r gy ,  which l n d l c a t e a  t h a t  the  wave f u n c t i o n  v a r i e s  r a p i d l y  I n s i de  
t h i s  r e g i o n .  A good cho i ce  f o r  the  b a s i s  f u n c t i o n *  then  would be t he  
l i n e a r  combi na t i on*  of  a t o n i c  o r b i t a l s  o b t a i n e d  by s o l v i n g  the  one a i e -  
t r o n  e q u a t i o n s  i n  an a t o n i c  l i k e  program.  In  t h e  LAPK approach the e n e r ­
gy d e r i v a t i v e *  of  the  r a d i a l  wave f u n c t i o n s  a r e  a l s o  i n c l u d e d  in the ba­
i l *  s e t ( A n d 7 3 , Ko e 7 5 ) . The b a s i s  f u n c t i o n *  i n s i d e  MT sp h e r e  r e g i o n  then  
a r e  g i ve n  as
where ua  a r e  a tomic  r a d i a l  f u n c t i on *  and u°  a r e  i t *  ene r gy  d e r i v a ­
t i v e s  (Eoe75} . Ej i s  the  f i x ed  ene r gy  p a r a m e t e r  f o r  t h e  r a d i a l
s p h e r e  a .  1 , b  a r e  the  a n g u l a r  Doae tua  quantum numbers .  The c o o f f i -
MT s p h e r e  t o  t h e  p l a ne  waves On t h e  WI  s phe r e  s u r f a c e .  The r e s u l t i n g  ba­
s i s  f u n c t i o n s  a r e  t he n  everywhere c o n t i n uo us  and d i f f e r e n t i a b l e .
I n c l u d i n g  the  d e r i v a t i v e *  of  the  o r b i t a l  f u n c t i o n  i n  the  b a s i s  s e t  
r e s u l t s  I p c o n s i d e r a b l e  compu t a t i on a l  a d v a n t a g e s  over  the  s t a n d a r d
r Q^  s phe r e  a
(14)
wave f u n c t i o n .  t „  I s  the  p o s i t i o n  of  t h e  c a n t e r  of  the  MTrl n it *
e i e n t  * | m, b“ m are  de t e rmi ne d  by ma t ch i ng  the  b a s i s  f u n c t i o n *  i n s i d e  the
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APT(Lou67) method,  The ene rgy  dependence o f  each band can u s u a l l y  be en­
t i r e l y  n e g l e c t e d  I f  the  band width* a r e  l e a *  than about  0 . 3  Ry f o r  d-  
bend and about  1 Ry for  a -band .  I f  vary h i gh  p r e c i s i o n  e i genva l ue*  ( l e i *  
t ha n  1 - 2  nRy) a r e  d e t i r e d  the  r e g i o n  where the  e i ge n v a l u e *  would be 
found can be devided i n t o  t e v e r a l  small  ene r gy  window*,  t h e r e f o r e  the 
a c c u r a c y  of  t h i i  method i*  under c o n t r o l .  I n  t h i *  way problem* encoun­
t e r e d  in  a conven t i ona l  APT method l i k e  t he  d l t c o n t i u u i t y  of  the d e r i v a ­
t i v e *  o f  b a s i s  f u n c t i o n * ,  the s i n g u l a r i t y  i n  the a e o u l a r  e q ua t i o n  and 
ene r gy  dependent  Hami l ton i an  m a t r i i  e l emen t *  are  so lved(Kue73)-  I t  i* 
t h u s  e a a i e r  to i nc lude  non-muf f in  t i n  e f f e c t s  and r e l n t i v i a t i c  e f f e c t s .
Fo l lowing  [ c e l l i n g  and Qarmon(Koe77)> s c a l a r  r e l a t l v i a t i c  e f f e c t *  
■re i n c l u d ed  in  the  r a d i a l  f u nc t i o n *  by s o l v i n g  t h e  " j - w e i g h t e d - a v e r -  
a ged"  Di rac  e q u a t i o n .  The r a d i a l  s c a l a r  r e l a t i v i e t i c  H**i i l touist i  i s  
g i v e n  by
1 d 2 2 d 1 ( 1 + 1 )  1 dV d
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a* d l a c o a s e d  by [ c e l l i n g  and Harmon, No t i c e  t h a t  aa l f a - t  0.  eq . (15 )  
become the u*u*l  r a d i a l  u o n - r e l a t i v i a t i c  S c h r o e d i n g e r  Hami l ton i an ,  
Applying the  R a y l e i g h - R i t t  v a r i a t i o n a l  p r i n c i p l e  wi th  the 
Ha mi l t on i an  and the v a r i a t i o n a l  wave f u n c t i o n  in  e q - ( 12 )  y i e l d s  the s ca ­
l a r  e q u a t i o n  of  tho form
15
% n e )
where Hg + g i i  t he  Eea t i l Ion i an  E a t r l i  e l c n e n t  end i* t h e  o v e r l a p  ma­
t r i x  e l ement ,
» 8 - 4 - » e - t < ' i i * a < r i >
(17*)
(17b)
Not i ce  t h a t  a l t hough  o n l y  s p h e r i c a l  component o f  the  HT p o t e n t i a l  
la need to c o n s t r u c t  t h e  h a d *  f u n c t i o n s ,  a l l  t he  c o n t r i b u t i o n  to t he  
H a n l l Io n i an  n u t r i a  e l e n e n t s  a re  I nc l ude d ( wi mS2) .
T h l i  g e n e r a l i z e d  e i g e n v a l u e  e q u a t i on
HI=s5I
(18)
can be solved I s  a s t a n d a r d  way. In  e q . ( l B )  I  la an e i g e n v e c t o r  and s 
I t  t h e  e i g e n va l u e .  Since S i a  p o d t i v e  d e f i n i t e  i t  can  be f a c t o r e d  aa a 
product  of an upper  t r i a n g u l a r  a i a t r i i  ft and a lower  t r i a n g u l a r  m a t r i x
s-HTH
(13)
then t b l i  g e n q r a l l i e d  e i g e n v a l u e  p r o b l e n  can be c o n v e r t e d  t o  a s t a n d a r d  








ll ie r e s u l t i n g  H’ i a  d i i p n p l l f e ^  *nd t h e  e i g e n v a l u e s  and e i g e n v e c t o r  1
can b* o b t a i n e d .  The p h y s i c a l  o ig i -nvec torB K a r e  c o n s t r u c t e d  from X'
A f t e r  the  s c a l a r  r c l a t l v i i t i u  (SR) wave f u n c t i o n  i s  o b t a i n e d  by 
s o l v i n g  a N x N o r d e r  e i ge n v a l u e  problem,  t h e  a p i n - o r b i t  c o u p l i n g  e f f e c t  
can be i n c l u d e d  by t h e  second v a r i a t i o n a l  p rocedure(MacBO, Pic81)  . {The 
second v a r i a t i o n  p r oc e d u r e  i t  ve ry  p o w e r f u l .  In  g e n e r a l  a l l  t be  s n a i l  
c o n t r i b u t i o n s  t o  t h e  f u l l  H a m i l t o n i a n ,  l i k e  t h e  non-HT p o t e n t i a l  f o r  
c l o s e d - p a c k e d  sys t em can be I nc l u d e d  I d t h e  same method,  He have done 
t h i s  o n l y  f o r  tbe  e p i n - o r b i t  i n t e r a c t i o n ,  however . }  Ye c o n f i n e d  the  se t  
of  n e i g e n v a l u e s  t o  a s p e c i f i e d  ene r gy  window and c o n s t r u c t  a new b a s i s  
s e t  f rom t b e  SR wave f u n c t i o n  a t
The i p i n - o r b i t  (SO) i n t e r a c t i o n s  can be a pp r ox i ma t e d  u s i n g  t h e  f o l l ow i n g  
Elamil t o o l  an (MacflO)
where Vj j j ( r )  i s  t h e  s p h e r i c a l  p a r t  of  the  MT p o t e n t i a l ,  a ,  L, a r e  
P a u l i  t p i n  and a n g u l a r  momentum o p e r a t o r *  r e s p e c t i v e l y .  Using t h e  b a s i s
X=R~V
( 2 2 )
(23)
1Hso
(2MCP r  d r
(24)
17
■ et  i n  e q , ( 2 3 )  t h e  SO m a t r i x  e l ement s  a r e  c a l c u l a t e d  on ly  w i t h i n  t h e  W 
i p b e f i i i  s i nce  t h e  c o n t r i b u t i o n  la  o n ly  i mpor t a n t  i n a l d e  t he se  r i j i o n t .  
The e f f e c t i v e  H a m i l t o n i a n  ma t r ix  i a  r e d l e g o n a l i z e d  y i e l d i n g  app r ox i ma t e  
(hut u s u a l l y  e x c e l l e n t )  f u l l y  r e l a t i v i a t l c  e i g e n v a l u e s  and e i g e n f u n c ­
t i o n s  ,
Tbe advantage  o f  t h i s  procedure  t a  t h a t  i t  t e e p a  i p l n  aa a good 
quantum number aa l ong aa p o s s i b l e ,  which la  p h y a l c a l l y  p r e f e r a b l e  fo r  
m a t e r i a l *  l i k e  r a r e - e a r t h  m e t a l s ( K o e 7 7 , P i c 8 1 ) .  The e f f i c i e n c y  o f  t b i *  
method i t  q u i t e  obv ioua  ainae now we only  need t o  d i a g u s l i z e  a 2n x 2n 
complex m a t r i x ,  (a f a c t o r  of 2 i* due to  apin  componen t ) ,  r a t h e r  t ha n  a 
2N i  2N complex m a t r i x  t hroughout  t h e  a e l f - c o n s i a t e n c y  p r o c e d u r e .  I p 
moat o f  t h e  c i a e t  K i t  about  5-10 t ime* l a r g e r  t h a n  n.
T h i s  acheme h a t  been  found t o  be v e r y  a c c u r a t e .  Ve have t e a t e d  t h i a  
method by c a l c u l a t i n g  t h e  Ba 4d a t a t e a  e i g e n v a l u e s  f o r  BaSe u s i n g  (1) 
f u l l y  r e l a t i v i a t l c  a t omic  l i k e  program,  (2) t r e a t  t h e  Ba 4d s t a t e s  a t  
band a t a t e a  w i t h  a p i u - o r b i t  c o u p l i n g .  The e i g e n v a l u e s  a r e  e v a l u a t e d  a t  
f  p o i n t .  The r e m i t s  a r e  l i s t e d  in  Table  I .  Ve f i n d  t h a t  the
TABLE 1
Compar i son of  s p i n - o r b l t  s p l i t t i n g  o f  Ba 4d s t a t e s  o f  BaSe u s i n g  two
d i f f e r e n t  a pp r oa c he s .
method 4<^ 5/2
(1) Atomic core  -3 .6460  -3 .4333
(2) Valence  band -3 .6439  -3 ,4524
i s
s p i n - o r b i t  s p l i t t i n g  o f  the  ^ 3 / 2  ini* ***3 / 2  i n  *> o t ^1 c a l c u l a t i o n *  d i f f e r  
on ly  ebont  1  mlty end t h e  a b s o l u t e  d i f f e r e n c e  of  the  e i g e n v a l u e s  In  t he  
bend c a l c u l a t i o n  h t i  t h e  sane o r d e r  a s  c r y s t a l  f i e l d  s p l i t t i n g  *
2 . 2  POTENTIAL
Acc ur a t e  and e f f i c i e n t  c o n s t r u c t i o n  of t h e  c r y s t a l  p o t e n t i a l  from 
the  charge  d e n s i t y  l a  t h e  Ley s t e p  i n  t h e  band s t r u c t u r e  c a l c u l a t i o n .  In 
the  e a r l i e r  wor t  t h e  c r y s t a l  p o t e n t i a l  was o f t e n  approx i mat ed  by shape 
r e s t r i c t e d  mu f f i n —t i n  p o t e n t i p l i i  o v e r l a p p e d  a t omi c  p o t e n t i a l s  o r  o t he r  
s i m p l i f i e d  forms .  In t h i s  work we have  a b o l i s h e d  a l l  t h e  r e s t r i c t i o n s  
and c a l c u l a t e d  a s hape  u n r e s t r i c t e d  p o t e n t i a l ( Y i m S l )  eve r ywher e ,  
P o i s e o n ' s  equa t i on  i s  so lved  i n  an e l r g a n t  way s u g g e s t e d  by Bamann and 
Vainer t (Ham7 9>Woinfll) . The method i s  b a s ed  on t h e  concep t  of  m u l t i p o l e  
p o t e n t i a l s  and the  D i r i c h l e t  boundary va l ue  p r ob l em f o r  a s p h e r e .  The 
b a s i c  i d e a  i s  t h a t  a p o t e n t i a l  o u t s i d e  a l o c a l i z e d  r e g i o n  of  c h a r ge  d i s ­
t r i b u t i o n  depends on t h e  charge  o n l y  t h rough  t h e  m u l t i p o l e  mcmcpts .  
T h e r e f o r e ,  In o b t a i n i n g  a p o t e n t i a l  i n  t h e  i n t e r s t i t i a l  r e g i o n  we only 
noed t o  know the i n t e r s t i t i a l  charge d e n s i t y  and t h e  u u l t i p o l e  moments 
of  the  charge  in d i f f e r e n t  s ph e r e s .  S i nc e  m u l t i p o l e  momenti  do no t  de­
f i n e  a unique cha rge  d i s t r i b u t i o n  we can  r e p l a c e  the  r a p i d l y  v a r y i n g  
r e a l  charge  d e n s i t y  i n s i d e  the  sphere  by a smoothly v a r i n g  p s e n d o c h s r g e -  
d e n e l t y  wi th  the  same m u l t i p o l e  moments such t h a t  i t  has  a r a p i d l y  con­
v e r g e n t  F o u r i e r  r e p r e s e n t a t i o n .
In tbe  LAP? method(WioSl ) the c h a r g e  d e n s i t y  i s  g i ve n  by
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r c s p h e r e  a
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J  P i V * >  _>
S r e i n t e r a t  i t l a l ,
(25b)
v he r e  ^ s ( r )  i r e  t h e  3D s t i r  f u n c t i o n * ,  which a r e  the s y m e t r i z e d  
p l a n e  wavea anil have  the  whole ay m e  t r y  of  the  c r y s t a K e f .  App.B),
a r e  t h e  l a t t i c e  h a r m o n i c a { c f . App.A) ,  r fl- r  - t B, t Q U  the
p e t i t i o n  of  t h e  a t o n i c  s p h e r e  a .  At f i r s t  we d e f i n e  a p t eudocharge  
d e n s i t y  which i a  e qua l  to t h e  r e a l  cha rge  d e n s i t y  In the i n t e r s t i t i a l  
r e g i o n  b u t  h a t  a much smoother  form i n s i d e  the  ttT aphere ,  t h a t  i a
where 0 ( r Q) i t  a a t e p  f u n c t i o n  which i t  equal  t o  1 i n a i d e  MT but  0 in 
t h e  i n t e r s t i t i a l ,  The e x pans i on  of  the  charge  d e n s i t y  in the  i n t e r s t i ­
t i a l  r e g i o n  i a  e x t e n d e d  i n t o  t h e  MT aphere  and t h e  n u l t l p o l e  taonents of 
Ap* have t b e  v a l u e s  which are  equal  t o  the  d i f f e r e n c e *  of the m u l t i -  
po l e  nomcnt s  of  t h e  r e a l  charge d e n s i t y  and the ex t ended  p lane  wave
charge  d e n s i t y  i n a i d e  the  HT a p h e r e .  That  i a
*5 - a „ a  _ aPff 
A<llm ^ l a i  ^ ftlai
(27a>
(27b)
I h e  form we choie  f o r  tbe  d i f f e r e n c e  cha rge  d e n s i t y  i t  given by
(28)
where Sq ) t  t he  KT r a d i u s  of  s phe r e  <t, ia a convergence pa r ame t e r  
which i a  chosen such t h a t  f o r  a nat lmiua |-G IHn the  t r u n c a t e d  F ou r i e r
s e r i e s  fo r  Ap co n v e r ge *  no i t  r a p i d l y  i n d  l a  d e t e r m i n e d  by «q .
(27 >.
As  d i s c u s s e d  by W e i n e r t ( w e i n S L ) , t h i a  form b u  t h e  f e a t u r e  t h a t  ( 1 )  
N j _ j  d e r i v a t i v e *  a r e  c o n t i n u o u s  i c t o i i  t h e  b o u n d a r y ,  ( 2 )  t he  i n t e g r a l  
can be c a l c u l a t e d  a n a l y t i c a l l y .  Froai t h i *  ire c a n  o b t a i n  t h e  d e a i r e d  a t a r  
e r p e m  ion  of  t h e  pseudo charge d e n s i t y
S < =
The c o e f f i c i e n t !  o f  the  a t a r  e x p a n s i o n  o f  t he  p s eudocha r yc  can be 
o b t a i n e d  by u s i n g  t he  p r o j e c t i o n  o p e r a t o r  of  t h e  a t a r  f u n c t i o n .  I t  can 
be shove t h a t  i f  we u s e  t h e  form fo r  A ? j m( r* )  i n  eq ,  (28 )  the e x p a n -  
t i o n  c o e f f i c i e n t !  f o r  t h e  paeu d o c h a r ge  d e m i t y  a r e  g i ve n  by
j  ‘ l n ^ j
1
(30)
I n  t h i e  e x p r e s s i o n  0 i t  t h e  voluaie of  the  u n i t  c e l l ,  n i a  t h e  uua- 
her  of  membera in t h e  a t a r  G( , RqD l a  t h e  m u f f i n - t i n  r a d i u a  o f  t ype  n 
at  p o s i t i o n  a ,  neq(n)  i a  number of  t y p e  n a toms in  t h e  u n i t  c e l l ,  
PHS(Cj1 ) l a  t he  phase  f a c t o r  o f  v e c t o r  ^ j  * ■
A f t e r  we o b t a i n e d  the e x p a n s i o n  c o e f f i c i e n t  t he  Coulomb p o t e n t i a l  
in the i n t e r a t l t i a l  r e g i o n  can  be e a s i l y  o b t a i n e d  u s i n g  the  f o l l o w i n g
Since i t  s a t i s f i e s  t h e  P o i i i u n ' i  e q u a t i o n  nod t h e  p e r i o d i c  boundary con-
t t i r y  c o n s t a n t  t o  t h e  p o t e n t i n i .  Th i s  e x p r e s s i o n  i s  c o r r e c t  everywhere  
i n  the  i n t e r s t i t i a l  r e g i o n  i n c l u d i n g  on the  NT s u r f a c e s .  The boundary  
c o n d i t i o n  f o r  t h e  p o t e n t l e i  i n s i d e  t h e  MT i a  o b t a i n e d  by decomposing t he  
p o t e n t i a l  on the  MT a p h e r e  i n t o  a l a t t i c e  harmonic  e x p a n s io n ,  the  expan-  
a i on  c o e f f i c i e n t !  a r e  g i v e n  by
The coulomb p o t e n t i a l  i n a i d e  t h e  apherea  i s  found from t h i s  bounda­
ry c o n d i t i o n  and t h e  o r i g i n a l  ch a r g e  d e n s i t y  by us ing t h e  s t a n d a r d  
G r e e n ' a - f u n c t i o n  method f o r  a s p h e r e ( J n c 7 5 > .
A f t e r  we have t b e  Coulomb p o t e n t i a l  tbe  t o t a l  p o t e n t i a l  can be ob­
t a i n e d  by adding t h e  e x c h a n g e - c o r r e l a t i o n  p o t e n t i a l  d e f i n e d  i n  e q . { 7 ) .  
In our method t h e  s t a r  e x p a n s i o n  o f  t h e  e x c h a n g e - c o r r e l  e t i o n  p o t e n t i a l  
i n  the  i n t e r s t i t i a l  i a  o b t a i n  use  t h e  e f f i c i e n t  complex f a s t  F o u r i e r  
t r a n s f o r m (CPFT) method.  I n s i d e  MT aphere  i t  i s  o b t a i n e d  by ■ l e n s t -  
aquarex f i t  p r ocedu r e  t o  g e t  a l a t t i c e  harmonic  e x p a n s i o n .





2 . j  m m  p m m
A f t e r  wo o b t a i n  the  e i ge nva l ue s  null e i genfunc t i ons  tbe  charge den­
s i t y  I t  g i ve n  by
where t h e  aim n r u n t  over  a l l  the occupied s t a t e s  and the  i n t e g r a t i o n  i t  
over  t b e  whole f i r a t  B r l l l o u i u  zone (BZ> .
t h e  b a s i c  i d e a  i n  c o n s t r u c t i n g  the  charge dens i t y  ia t ha t  by em­
p l o y i ng  c r y s t a l  symmetry p r o p e r t i e s  the charge dens i t y  i a  Jua t  the sym­
m e t r i s e d  p e r t  of  t b e  d e n s i t y  p ( f )  . Thi s  dens i ty£Cel75)  , which i n  
gene r a l  h a t  only t r a n s l a t i o n a l  t y m e t r y ,  can  be e ipre**ed by a summation 
only  ove r  the  i r r e d u c i b l e  B r i l l o u i n  zone (IBZ) wedge, i . e .
where n„ l a  the  number of  space group o p e r a t i on  of the  c r y s t a l .  I f
tJ
the  c r y a t a l  does no t  have an i n v e r s i o n  o pe r a t i o n ,  k -> -k is s t i l l  a 
symmetry because  o f  t h e  t ime r e v e r s a l  i nva r i ance .  In  t h i s  case IBZ 
shou l d  be r e p l a c e d  by IBZj which i s  only  h a l f  of IBZ and n4 should be 
d o u b l e d .
F u r t h e r  t h i s  i n t e g r a t i o n  over  the IBZ is r eplaced by e d i s c r e t e  
summation over  a s p e c i a l  s e t  of k - p o i n t s  in the IBZ, the of ten used 
methods a r e  the  s p e c i a l  k - p o i n t  method(Che73) and the t e t r ah e d r on  metb-  
od<J cp71 , 3 i n 7 5 ) , T h e r e f o r e  we can wr i t e




r T * k S l B Z ,  (3«)
where i t  t h e  woight  f u n c t i o n which depends on both  the  btnd i n -
? ( r ) ^  l¥>
dot  and the  p a r t i c u l a r  k - p o i n t .
The s y u n e i r i z a t l o u  can be done by p r o j e c t i n g  o n t o  s u i t a b l y  d e f i n e d  
o r th o g o n a l  and symmet r i zed b a s i s  f u n c t i o n s .  e . g .  t h e  3D s t a r  f u n c t i o n s  
or  the  l a t t i c e  h a r mon i c s .
I n  our  program t h e  charge d e n s i t y  i n  the  i n t e r s t i t i a l  r e g i o n  a r e  
c a l c u l a t e d  by u s i n g  the  coupler  f a s t  F o u r i e r  t r a n s f o r m a t i o n  (CFFT) meth­
od.  I n s i d e  the iff s phe r e s  the cha rge  d e n s i t y  I t  averaged  over  a l l  e qu i v ­
a l e n t  i t o h i ,
where a l oca l  symmetry adopted frame f o r  the  o r i e n t a t i o n  of  r Q i s  
u s e d .
2 .4 COBB STATES
In the  c a l c u l a t i o n  of  e l e c t r o n i c  s t r u c t u r e  of  s o l i d s ,  i t  i a  ve r y  
c o nv en i e n t  to d i v i d e  s t a t e s  up i n t o  core s t a t e s  and v a l e n c e  s t a t e s  ac­
c o rd ing  t o  t h e i r  d i f f e r e n t  s p a t i a l  behaviour  in the  a o l i d e s ,  For t hose  
s t a t e s  which a r e  a lmos t  compl e t e l y  l o c a l i z e d  on a s i n g l e  atomic s i t e  and 
a r e  o f  a t o s i l c - l i k e  s p h e r i c a l  charge  d i s t r i b u t i o n s  i t  w i l l  be n a t u r a l  to 
t r e a t  t h e s e  s t a t e s  us i ng  an a t o n i c - l i k e  program.  In t h i s  work t h e  core 
s t a t e s  a r e  c a l c u l a t e d  by so lv ing  t h e  r a d i a l  Dirac eq txa t iont (RotGl  .LibG5)
(37)
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d g  I  ( E- V)
— ^ - ( K + 1 ) - -  +[ 2n +  J c f
d r  r  c O B * )
df  cf
c —  = ( X - 1 ) —  + { V- E)  g
d r  r  . ( 38 b )
where g and f  i r e  the  l a r g e  and smal l  c a n p o n e a t  r e s p e c t i v e l y  of  the  rel~- 
s t i v i s t i c  wive f u n c t i o n
,  (  H h i i  ^
\  i f  i
i s  * two component x p i o o r ,  K i t  t h e  D i n e  quantum number tod 
trf  I t  t h e  component of the  P a u l i  sp in  m a t r i x  i n  t h e  r a d i a l  d i r e c t i o n .
V i i  t h e  t p h e r i c e l  p e r t  of  the  c r y s t a l  p o t e n t i a l ,  In c o n t r a s t  to t h e  
p s e u d o p o t e o t 1*1 method,  no f r o t e n  core  a p p r o x i m a t i o n  (Zun79) 1* need ,
t h e  p o t e n t i a l  V i i  r e c a l c u l a t e d  i n  t h e  I t e r a t i o n  p r o ce d u r e  t o  a d j u s t  t o  
t h e  c r y s t a l l i n e  env i ronment .  c i t  t h e  v e l o c i t y  o f  l i g h t  and E i s  t he  
ene r gy  wi t h  t h e  r e s t  ene r gy  aC* a l r e a d y  s u b t r a c t e d .  The co r e  cha rge  
d e n s i t y  i s  t he n  g iven  by
3 (40 )
where the  a n i ma t i on  index j runs  o ve r  *11 the  o c c u p i e d  core  a t a t e a .
The two coupled  f i r s t - o r d e r  d i f f e r e n t i a l  e q u a t i o n s  a r e  i n t e g r a t e d  
by a m o d i f i e d  H i l n e ' i  method.  L o g a r i t h m i c  mesh p o i n t s  a r e  used f o r  the 
i n t e g r a t i o n ,  which i s  a ccompl i shed  by d e f i n i n g  a new v a r i a b l e  i ^ l n r ,  and 
a i i n g  the  e q u i d i s t a n t  g r i d  p o i n t s  i n  i „  The r a d i a l  d i s t a n c e  i s  e x t e n d e d  
outword  t o  be f a r  enough so t h a t  t h e  t a i l s  of  t h e  core  wave f u n c t i o n s  i s  
s u f f i c i e n t l y  s n a i l .  The p o t e n t i a l  o u t s i d e  the HT r e g i o n  i s  e x t r a p o l a t e d
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l i r iuzi i l}  in it t o  i n t o .  For n o i t  of the  c o r e  s t a t e s  which have t h e i r  o r ­
b i t a l s  wal l  Ins ide  the  HT s phe r e s  the p a r t i c u l a r  form c f  the  e x t r a p o l a ­
t i o n  h a i  no e f f e c t  a t  a l l .  But  i t  has  been  found t h a t  f o r  those aewloore  
a t « t « a  which have l i v a b l e  p o r t i o n  cf  e l e c t r o n s  out  aide t h e  HT sphere t he  
l i n e a r  c i t r o p l a t l o n  scheme can cause an u n p h y s l e p t  long t a l l  and i t  1* 
g e n e r a l l y  a good p r a c t i c e  to  have a d e e p e r  p o t e n t i a l  to  avo i d  t h i s  p r o b -  
I cd o r  t r e a t  these  s t a t e s  aa baud a t a t e a .
The way t o  add t h e  core  charge d e n s i t y  o u t s i d e  the  WT to the t o t a l  
c h a r g e  d e n s i t y  should a l s o  be c a r e f u l l y  done ,  e s p e c i a l l y  for  a system 
w i t h  low symmetry, In t h l i  w o r t  we have deve l op e d  a new scheme to t r e a t  
t h i s  problem ( see  App.C) , I t  l a  found t h a t  i t  l a  very  s t a b l e  even i n  a 
s u p e r l a t t i c e  ca l cu l a t i on ( We  186) .
2 . 5  TOTAL EHMSI
The t o t a l  energy i s  one o f  the no i t  f undame n t a l  q u a n t i t i e s  in  phys ­
i c s .  There have been many e f f o r t s  r e c e n t l y  to  c a l c u l a t e  t h i s  q u a n t i t y  
from f i r s t  p r i n c i p l e s ( J a n 7 4 , I 1 ub79,WeinS2) . The ma jor  problem in the  t o ­
t a l  energy c a l c u l a t i o n  f o r  t he  a l l  e l e c t r o n  methods ( e . g .  LAPW) i s  t he  
n u m e r i c a l  i n s t a b i l i t y  due t o  t h e  c a n c e l l a t i o n  o f  t he  v e r y  l a rge  k i n e t i c  
ene rgy  by the p o t e n t i a l  e n e r gy .  This  p roblem becomes even more s e r i o u s  
when i t  i s  app l i ed  t o  the  d -band and f - b a n d  sys t e ms ,  s i n c e  for  these  
h e a v i e r  atoms the chemi ca l l y  i n a c t i v e  c o r e  e l e c t r o n s  t ake  the l a r g e s t  
p o r t i o n  of  the t o t a l  e n e r gy .
T h i s  d i f f i c u l t y  has  been solved r e c e n t l y  by Weiner t  jg_i. f  I . (WelnSl) 
u s i n g  a new approach f o r  de t e rmin i ng  h i g h l y  a c c u r a t e  t o t a l  e ne r g i e s  o f  
s o l i d s  w i t h i n  d e n s i t y  f u n c t i o n a l  formal i sm.  The mala f e a t u r e  in t h i s  ap-
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prosch  Li an e x p l i c i t  c a n c e l l a t i o n  of  t h e  Coulomb s i n g u l a r i t i e s  i n  tbe 
p o t e n t i a l  energy  and t b e  k i n e t i c  ene r gy  t e r m  a r i a l  tig from tbe  n u c l e a r  
cha rge .  I t  la a l i o  v e r y  e a t l l y  implemented i n  t b e  g e n e r a l  p o t e n t i a l  
LAFV method b e c a me  a l l  the q u a n t i t i e s  which appea r  i n  the  f o r mu l a  can 
be e e a i l y  ob t a ined  a f t e r  a s e t  f - c o m i s  t e n t  band s t r u c t u r e  c a l c u l a t i o n .  
The t o t a l  e l e c t r o n i c  energy of a s o l i d  i n  t h e  d e n a i t y  f u n c t i o n a l  
f o rma l i an  la g iven  by
E=T +■ U +E
(41)
where T i t  d e f i ne d  as  the  k i n e t i c  ene r gy  and La g i v e n  by
rv£ (42)
■here V* u ere  the  s o l u t i o n s  of  t h e  t i n g l e  p a r t i c a l  e q u a t i o n
u opt v r t » f  n I ( i ) - . ’> ( f ) y
( 4 ^ )
and the  inn i s  t aken  o v e r  a l l  t he  occupi ed  e l i t e s .  Using e q , (41) the  k i ­
n e t i c  energy can a l t o  be w r i t t e n  as
t = 5 „ t t f U a ,1{*>-Ylr)>Y'  _
'  • (44)
where V(r*) i a  the  e f f e c t i v e  one p a r t i c a l  p o t e n t i a l  d e f i n e d  as
 ^ I
I f * - ? ' "  S ?  * (43)
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The C o u l o m b  p o t e n t i a l  ene r gy  U i t  f r o u  t h e  Coulomb i n t e r a c t i o n  of 
c l a c i r o n - o l e c t r o n ,  e l e c t r o n - n u e L e u a  and n u c l e u a - n u c l e u a .
D ( r M r  > ^  ^
U' l l  - T r ? . '  d rI r - r  |
(46m)
n ( r ) = p ( r > - ^  Z M r - R - t  )L  a  a
*  ( 46b)
The E^c i t  tbe e x c h a n g e - c n r r e l a t i o n  e n e r g y .  I n  t h e  LDA i t  I t  given 
EI C [ p ] « J  p < r ) e l c ( r ) d r
a t
(47)
Fr ov  ei*. (44-47)  we can ahov t h a t  t be  t o t a l  e n e r g y  f o r  one u n i t  c e l l  
can be g i v e n  aa
Ej  =5 £ A-1 / ajpt ? ) JC (r ) di-1/zjzj vt (t ^ )
< dt
(4S)
where V a 11 q ) Is J a t t  t h e  Coulomb p o t e n t i a l  a t  t  due to a l l  tbe
e l e c t r o n *  and n u c l e i  e xce p t  c h a r g e  Z i t  t  , J t (r)  i a  d e f i n e d  a t8  a
X(2>=Vc {?)+2(Vi C ( ? > - BiC<r>)
(49)
where V i t  t be  Coulonb p o t e n t i a l  o n l y .  V__ and a r e  exchange andC EC J, C
c o r r e l a t i o n  p o t e n t i a l  and ene r gy  d e n t i t y  r e s p e c t i v e l y .
The c a l c u l a t i o n  o f  Yj i t  t i m i l a r  t o  t h a t  of  o b t a i n i n g  the  Coulomb 
p o t e n t i a l  i n a i d e  t b e  HT s ph e r e s  u s i n g  t b e  G r e e n ' a  f u n c t i o n  method,  The 
i n t e g r a t i o n  in t h e  i n t e r t t l t i a l  r e g i o n *  can be done ua i ng  t h e  f a s t
F o u r i e r  t r a n s f o r n a t i o n  which r educe  t b e  double  s mu t a t i on  o v e r  p l a n e -  
wavcs t o  a s i n g l e  anamat ion * Al l  tbe  o t h e r  t e rm a can be e a s i l y  o b t a i n e d  
u s i n g  t b e  l a t t i c e  harmonic e xpa ns i ons  of  t h e  c h a r ge  d e n s i t y  and the po­
t e n t i a l  .
F i n a l l y  i e  have
r i g h t  hand a i d e  ( r h s )  of  Eq. (50)  t h a t  the  Coulomb s i n g u l a r i t y  haa been 
e r e c t l y  c a n c e l l e d .  C a l c u l a t i o n s  o f  t o t a l  ene rgy  from t h i a  f o r mu l a  heve 
been p r oved  t o  be v e r y  a t eb l e  and e f f i c i e n t .
1 . 6  PRESSURE
The n o n - r e l e t i v i i t i c  (NR) e x p r e s s i o n  o f  p r e s s u r e  have  been  d e r i v e d  
and s u c c e s s f u l l y  used i n  v e r i o n i  a p p r o a c h e s ( S l a 7 2 , J a n 7 4 . I l » 7  9,  Y i n 8 3 ) . 
S i nce  f o r  t he  v e r y  i n t e r e s t i n g  d-band and f - b a n d  m a t e r i a l  a t h e  r e l a t i v -  
i a t l o  e f f e c t t  p l a y  an impor t an t  r o l e .  I t  l a  d e s i r a b l e  to  I n c l u d e  t h e ee  
e f f e c t s  in  t h e  c a l c u l a t i o n .  I n  t h i a  w o r t  J  have  d e r i v e d  a g e n e r a l  e x ­
p r e s s i o n  f o r  p r e s s u r e  which t a k e s  i n t o  a c c o u n t  t h e  r e l a t l v i s t l c  <R) and 
t h e  s c a l a r  r e l a t i v i i t i c  (SR) e f f e c t s  by assuming a s p h e r i c a l  p o t e n t i a l
(50)
where q0| u  i s  number of  e l e c t r o n s  i n s i d e  t h e  sphere  a  and 
“ ( r ^ )  *-4nr *pf r fl) . I t  can be seen  frost  t h e  f o u r t h  t erm on t h e
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and charge  d e n s i t y  a round t h e  quo l e n s ,  s i n c e  t h e  r e l s t l v l a t i u  e f f e c t s  
e r e  i mp o r t a n t  o n l y  i n  the  r e g i o n  where t h e  n o n - a p h e r i c a l  c o n t r i b u t i o n s  
t o  t b e  charge d e n s i t y  end p o t e n t i a l  e r e  s ma l l .
The c a l c u l a t i o n  of  p r e s s u r e  i s  c l o s e l y  m i s t e d  t o  t h e  v i r i a l  t h e o ­
rem.  I t  i a  we l l  known in quantum mechanics  t h a t  t h e  v i r i a l  theorem can 
be d e r i v e d  froai t h e  f o l l o w i n g  i d e n t i t y ( S c h 6 f l )  .
J < r ‘ p ) H | F  *>=<¥* j lHlJ?.Pi  fT*
(51)
where p = - i ^  i s  the  moment us  o p e r a t o r ,  H i s  t h e  Etaetii I o n i a n  f o r  
t h e  o re  e l e c t r o n  e q u a t i o n  and g i ve n  by
" - > V '•’<?]
(52)
where V ( r )  i s  the  e f f e c t i v e  p o t e n t i a l  i n  the  l o c a l  d e n s i t y  f u n c ­
t i o n a l  i p p r o r l m a t i o n ,  Kflp i s  the k i n e t i c  ene rgy  o p e r a t o r  and t a ken  t o  be 
of  the  form
t t t ' p  +pmC*
NR
R , C 53)
where n i s  mass of  an e l e c t r o n ,  t h e  o t h e r  t e r n s  have the  f o l l o w i n g  d e f i ­
n i t i o n
u :  h  J 1 0
*  n \ 0  -Ia 0 / '
(54)
and a i i  Pa u l i
For  v a l e n c e  M a t e *  which a r c  c a l c u l a t e d  ■ e m i r c l a t i v i i t l e a l l y  la the 
J toe l1 in j -Uermoa  t c h e me ( t o e 77) t h a  l a r g e  component of  the  wave f unc t i on  
c o n t a i n !  moat of  the  d e a i r e d  j c l a t i v i a t i c  c o r r e c t i o n  ainae the  m a l l  
component  of  t h e  wave f u n c t i o n  l a  a a i a l l e r  by a f a c t o r  of  the k i n e t i c  en­
e r gy  d iv i d e d  by the  t o t a l  ene r gy  ( i n c l u d i n g  the  r e a t  n a e i ) .  The 
[1 am 11 t oo l  on f o r  tbe  l a r g e  component  of  t h e  wave f u n c t i o n  i t  g iven  by
1 dV d 
------------------- + Vel-  v z -------
2H (2MC)1 dr  dr
( H a t
M= »+
« i - V
( 53b)
An e a p r e s a i o n  f o r  tbe  p r e t t u r e  nay be o b t a i n e d  by a u b a t i t n t i n g  thB 
I Iani l  t o n i a n  i n t o  e q . ( 3 l )  and app l y i n g  the commutat ion r e l a t i o n  of  t hem 
o p e r a t o r t .  N o t i c e  M i a  a l t o  n f u n c t i o n  of  the  p o a i t l o n .  We f ind
where E., a r e  g i v e n  by
,<y* i i 4 >
NR < 57*1
R ( 57b}
. .ii. I 1 r d'V , d v  ( r  ,
*  + a ?  * ' j M ? y r r )  J¥ l ?
31
I d t h i s  f o rmul a  nod V1  ^ a r e  e i g e n v a l u e s  and  e i g e n f u n c t i o n s  
r e a p a c t i v e l y  and  o b t a i n e d  by s o l v i n g  e q u a t i o n :
a *  4
(sa)
The t e r a  on t h e  l h a  of  e q , (5 G)  ia  j u a t  t h e  v i r i a l .  E q u a t i o n a  (57b) and 
(57c)  a rc  t h e  r e l a t i v i a t i c  and t e m i r e l a t i v i a t i c  a n a l og  o f  the v i r i a l  
t he o r e m,  Note in  o b t a i n i n g  t be  r e l a t i v i a t i c  e x p r e s s i o n  and t h e  c o r r e c ­
t i o n  te rm Tor t be  a e a l r e l a t l v l s t i c  f e r r u l e  we have  uaed t h e  s p h e r i c a l  
p o t e n t i a l  and cha rge  d e n s i t y  o n l y .
The r e l a t i v i a t i c  f o r mu l a  haa  been d e r i v e d  i n  a s i m i l a r  way by
Vood(VoDSl) Tor  a t o n i c  c a l c u l a t i o n .  V' j  s ma l l  t h e  m a i l  component
o f  t b e  r e l a t i v i a t i c  wave f u n c t i o n .  For  t h e  s e m i r e l a t i v i a t i c  e x p r e a a i o n
i n  o q . ( 57 c )  t h e  second t e rm on r h a  of e q . ( 5 7 c )  i a  t h e  r e l a t i v i a t i c
Darwi n  c o r r e c t i o n  t e r n  and  t he  t h i r d  t e r m  i a  due t o  the  r e l a t i v i a t i c  
d i i i  v e l o c i t y  c o r r e c t i o n .  Note a l i o  t h a t  s i n c e  H c o n t a i n s  a p o t e n t i a l  
t h e s e  c o r r e c t i o n  t e r m  do not  d i v e r g e  a s  V app r oac h  - 2 Z / t  aa  r  goes t o  
z e r o ,
To o b t a i n  an  e x p r e s s i o n  f o r  p r e s s u r e  P. we f o l l o w  t h e  p r oc e du r e  
g i v e n  by S l a t e r ( S l a 7 2 )  , who h n i  d e r i v e d  t b e  v i r i a l  theorem f o r  the non-  
r e l a t i v i i t i c  a l l  e l e c t r o n  method w i t h  Xa exchange  p o t e n ­
t i a l  ( S l x5 l , Koh65)  and t h e  d e s c r i p t i o n  o f  J a a a k t J a n 7 4 )  who g e n e r a l i z e d  
t h e  v i r i a l  t h e o r e m  f o r  a g e n e r a l  f u n c t i o n a l  form o f  exchange and c o r r e ­
l a t i o n  w i t h i n  t h e  LDF f o r m a l i a m . I f  we s u b s t i t u t e  t h e  e x p l i c i t  e x p r e s ­
s i o n  f o r  t he  e f f e c t i v e  p o t e n t i a l  i n t o  l b s  o f  e q . ( 5 6 ) ,  c a r r y  o a t  t h e  d i f ­
f e r e n t i a t i o n  t e r n  by t e r n  and  r e l a t e  t h e  e n e r g y  d e r i v a t i v e  t h rough
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Hal lmann-Feyaman theoreoKRel  37 ,Fey39)  , v t  o b t a i n  t h e  f o l l owi ng  r e l a t i o n :
}  V  V r V  S p 1 4  3 V*Oclr + ^
*  '  , <59>
where i a  t h e  t o t a l  energy  of t h e  sys t em,  t h e  a c t u a t i o n  of  1 goes  ove r  
a l l  t h e  oc c up i ed  s t a t e s .  The p r e s s u r e  can be r e l a t e d  to the  term on t he  
lha  of  e q . ( 5 9 )  f o r  an I s o t r o p i c  homogeneous compress ion  by tbe f o l l o w i n g  
e q u a t i o n
m ~ Q~ T 7  “ '  ^  .
3  1  d k *  ( 6 0 >
where P I s  the  h y d r o s t a t i c  p r e s s u r e  f o r  an i s o t r o p i c  sys t em,  f o r  an a n i ­
s o t r o p i c  system i t  i s  a f u n c t i o n  o f  t h e  s t r e s s  t e n s o r ,  sod if i a  t h eII
p o s i t i o n  of  a t oms .  T h e r e f o r e  the  p r e s s u r e  e x p r e s s i o n  i s  f i n a l l y  i n  t he  
form
3PU~Er L ? p ( T ) u £ vJ i ) - i  + J  K■
^  \ . (61)
where D i a  the  volume of  t h e  sys t em.
Ch ap t e r  I I I  
BULK I
Tungsten l i  ■ heavy t r a n s i t i o n  n e t s !  w i t h  a tomic  number 74 and BCC 
c r y s t a l  s t r u c t u r e .  S ince  i t  i s  one of  t h e  f i r s t  t r a n s i t i o n  m e t a l  to  b e ­
come a v a i l a b l e  In h l g h - p u r I t y , s i n g l e - c r y s t a l  form many e x p e r i m e n t a l  and 
t h e o r e t i c a l  work* have been  done f o r  s t u d y i n g  t h e  e l e c t r o n i c  p r o p e r t i e s  
o f  t h i s  m a t e r i a l .  I t  i s  a s impl e  system b e c a u s e  t h e r e  i s  o n l y  one atom 
p e r  u n i t  c e l l  w i t h  a c l o s e  packed  BCC s t r u c t u r e .  On t h e  o t h e r  hand  i t  ia 
c o u p l e r  enough t o  t e a t  t b e  q u a l i t y  and g e n e r a l i t y  of  ou r  p rogram b ec a u s e  
o f  i t s  l o c a l i s e d  d o r b i t a l s  and t he  n e s t i n g  f e a t u r e ( V a r 7 9 )  o f  i t s  Fermi  
s u r f a c e  and t h e  J u p o r t s n t a n o e  of  the r e l a t i v i a t i c  e f f e c t s .  An o t h e r  r e a ­
son  fo r  us to  chose  t h i s  m a t e r i a l  aa  t h e  t e s t i n g  ground  i s  t h a t  we want  
t o  s tudy the  i n t e r e s t i n g  s u r f a c e  r e c o n s t r u c t i o n  and r e l a x a t i o n  phenomena 
of  V( 001 )(D*b77 , Era79)  s u r f a c e  l a t e r  on {which i s  d l s c r i b e d  i n  Ch ap t e r  
V ) , and t h i s  b u l k  t u n g s t e n  band s t r u c t u r e  c a l c u l a t i o n  w i l l  c e r t a i n l y  
p r o v i d e  us u s e f u l  I n f o r m a t i o n .
In t h i s  t e a t  we have per formed  l o c a l - d e n s i t y - f u n o t i o n a l  (LDF) c a l ­
c u l a t i o n *  of  t b e  energy b a n d s ,  ground s t a t e  p r o p e r t i e s ,  e q u a t i o n  o f  
s t a t e s . and t h e  H - po i n t  f r o i e n - p h o n o n  f r e q u e n c y .  The e q u i l i b r i u m  l a t t i c e  
c o n s t a n t ,  hulk  modulus ,  and p r e s s u r e  d e r i v a t i v e  of  t h e  b u l k  modnlus  a r e  
c a l c u l a t e d  from e i t h e r  t o t a l  energy or  t h e  f i r s t  p r i n c i p l e s  p r e s s u r e  
c a l c u l a t i o n .  For  compar i son  we have a l s o  c a l c u l a t e d  t h e  c o h e s i v e  p r o p e r ­
t i e s  of  the  h y p o t h e t i c a l  FCC W. E x c e l l e n t  ag r ee men t  i s  o b t a i n e d  w i t h
-  33 -
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the  e x pe r i m e n t a l  l a t t i c e  c o n s t a n t  and b u l k  modul us .  Thi  i  La the  f i r a t  
^  I n i t i o  f r o z e n - p h o n o p  c a l c u l a t i o n  f o r  V which h a t  l a r g e  r e l e t i v i a t i a  
e f f e c t ■♦
The LAPV r e s u l t s  r e p o r t e d  h e r e  a r e  i n  g e n e r a l l y  good agreement  wi t h  
t he  c c a l a r - r c l a t i v i a t i c  p s e u d o p o t e n t L a i  c a l c u l a t i o n #  o f  Cy l i nd e r  and 
K1t inman(By1 6 3 , By184) (BK) and t h e  n o n - r e l a t i v l s t l o  peeudopDten t l  al  c a l ­
c u l a t i o n  of  Zuuger  end Cohen(Zun79) (ZC) , An I ndepende n t  ce l  G e l a t i o n  by 
J a n i e n  end F r e o t t i u ( J a n 8 4 )  f o r  b u l k  V u a i ng  t h e  FLAPW method gave t h e i r  
r e s u l t s  e l  to a g r e e d  w i t h  ua v e r y  w e l l .  S ince  the  u n d e r l y i n g  approxima­
t i o n  of  the p i c o d o p o t e n t i a l  app r o a c h  i a  t h e  f r o x e n - c o x e  spproxlma-  
t i o n ( Z a p 7 9 } , t h e  e f f e c t  of  the  o v e r l a p p i n g  t u n g s t e n  3p s emi - co r e  a t a t e a  
on t b e  e q u i l i b r i u m  p r o p e r t i e a  i a  aaa eaaed  i n  t h i a  c o n t e x t .
In the  nex t  s e c t i o n  aome d e t a l l e  of  the  c a l c u l a t i o n  end convergence  
p r o p e r t i e a  l a  b r i e f l y  s t a t e d  and  d i s c u s s e d .  S e c t i o n  2 i a  used t o  de­
s c r i b e  the  band s t r u c t u r e ,  S e c t i o n  3 p r e a e n t i  a d i s c u s s i o n  of the  r e ­
s u l t s  o b t a i n e d  f o r  the  c o h e s i v e  p r o p e r t i e a ,  i n  S e c t i o n  4 we p r e s e n t  the 
p r e s s u r e  c a l c u l a t i o n  f o r  I ,  a e c t i o n  5 i a  used t o  i n v e s t i g a t e  the  e f f e c t  
o f  W fp  s emi - c o r e  s t a t e s .  Id S e c t i o n  6 we w i l l  d i s c u t e  t h e  f r o z e n  phonon 
c a l c u l a t i o n  and t h e  p r i a t a r y  c o n c l u s i o n *  a r e  auaunar i t ed In  S e c t i o n  7.
3 .1 METHODOLOGY
The LAFW method f o r  o b t a i n i n g  the  baud e i g e n s t a t e s  from augmented 
p l a n e  wave v a r i a t i o n a l  b a s i s  f u n c t i o n s  ha s  b e e n  f u l l y  d e s c r i b e d  in  
C h ap t e r  2 ,  The r e l a t i v i a t i c  exchange  p o t e n t i a l  of MacDonald and 
Vosko(Raj7S.Mac79)  l a  u s e d  t o g e t h e r  w i t h  Vigne r ( Yi g34 )  c o r r e l a t i o n  po­
t e n t i a l ,  Tbe formula  Li g i v e n  a s
VIC a  (3 2
[
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3 f l + 7 . 7 9 [ 4 n p / 3 ] /3 )*
(62)
1 / 3There  p ^ V p / O t J n V )  □, and a  i t  t h e  f l u e  s t r u c t u r e  cans  t i n t .  
R e l s t i v l i t l c  c o r r e c t i o n s  e r e  I nc l ude d  only  for  the  exchange p o t e n t i a l ,  
s i n c e  t h e s e  o o r r e c t i o n i  e r e  no&t i m p o r t a n t  In r eg i on*  of  high charge 
d e n s i t y ,  where exchange  e f f e c t *  domi na te  c o r r e l a t i o n  c o n t r i b u t i o n s .
The t o t a l  e n e r gy  l a  c a l c u l a t e d  w i t h i n  the  LDA formal i sm u s i n g  the 
e i i . ( 5 0 ) .  I t  i »  v e r y  s t a b l e  n u m e r i c a l l y .  This i a  very  impor t an t  In t he  
c a l c u l a t i o n  o f  I  g round  s t a t e  p r o p e r t i e s ,  i l nce  d i f f e r e n c e s  between t o ­
t a l  e n e r g i e s  due to  t h e  change of  t h e  l a t t i c e  c o ns t an t  a r e  t y p i c a l l y  
s m a l l e r  t ha n  t h e  t o t a l  energy I t s e l f ,
A b a s t s  s e t  o f  a b o u t  SO LAPWs{Aod73) i t  used,  r e s u l t i n g  i n  d i f f e r ­
e n c e s  b e t w e e n  t o t a l  e n e r g i e s  which a r e  converged to  b e t t e r  than 0 ,1 mfiy. 
The co n v e r ge n c e  o f  i n d i v i d u a l  band e i g e n v a l u e s  1* shown in  Table I I .
TABLE I I
Convergence  o f  s e l e c t e d  band s t a t e s  w i t h  ncisber of  b a s i s  f o r  V. PWl and 
FW2 a r e  t he  number o f  b a s i l  i n  two c a l c u l a t i o n s ,  and e i s  t he  
d i f f e r e n c e  b e t wee n  t h e  e i g e n v a l u e s  of  these  two c a l c u l a t i o n s .
h I V P4 N1 N2 N1
pyti 53 55 68 68 68 68
PW2 79 79 SO 80 80 80
e(meV) 0 . 0 2  21 .4  1 . 7 0  0 . 7 9  4 .02  0 .84
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The nunbor  of  b a s i s  f u n c t i o n *  end t h e  muf f  I n - t i n  r a d i i  used  fo r  
d i f f e r e n t  l a t t i c e  par  m e  t e n  a r e  kept  f i x e d .  I n  t i d e  t h e  m u f f i t i - t i u  
s p h e r e s ,  t he  LAFW> a r e  expanded up to  1*8.  and t h e  Dazlmun 1 - v a l u e  u t t d  
t o  c o n s t r u c t  t h e  l a t t i c e  ha m o n i e s  ia a l t o  l = f l (Al t56  . A l t 6 5  , La g47> . for  
0CC s t r u c t u r e  t h e r e  a r e  3 n o n t r i v i a l  l a t t i c e  h a r m o n i c s .  I n  t h e  i n t e r s t ­
i t i a l  r e g i o n  675 p l a n e  wave* a r e  uaed which a r e  r e o r g a n i z e d  t o  28 f u l l y  
a y m a e t r i z e d  3D a t a r  f u n c t i o n s ,  The rms e r r o r s  i o  t h e  c o n t i n u i t y  of  t he  
ch a r g e  d e n s i t y  and p o t e n t i a l  a t  the  HT aphere boundary  a r e  l e a a  t han  
0,2% i n  a l l  c a s e s .
The ene rgy  p a r a m e t e r *  Ej i n  the c o n s t r u c t i o n  of  b a s i s  f u n c t i o n  a r e  
a l l  a c t  to  be 0 -7  By, t h i s  i a  r o u gh l y  i n  t h e  k i d d l e  of  t h e  d b a n d s .  The 
e i g e n v a l u e s  a r e  i n s e n s i t i v e  t o  t h e s e  p a r a m e t e r s .  I n  ■ t e s t  c a s e  i n  which 
when we changed a l l  E^ t o  0 . 5  Ry the l a r g e s t  change  f o r  t h e  d s t a t e s  was 
0 , 9  nvRy and t h e  change f o r  s s t a t e s  was l e s s  t h a n  0 . 2  nuRy.
The B r l l l o u l n  zone summat ions  fo r  t he  ch a r g e  d e n s i t y  a r e  pe r fo rmed  
u s i n g  a d i s c r e t e  k - p c i n t  suauaat lon.  Because  of  t h e  comp l e x i t y  o f  the ri­
band F e m l  s u r f a c e  each  e i g e n v a l u e  i s  e f f e c t i v e l y  b ro a d e n e d  u s i n g  an a r ­
t i f i c i a l  F e r n i - D i r a c  d i s t r i b u t i o n  c o r r e s p o n d i n g  t o  k l  =2 mKy, Th i s  r e ­
s u l t s  i o  r a p i d  co n v e r ge n c e  of  t h e se  summat ions  w i t h  r e s p e c t  t o  t he  
Dumber o f  k - p o l n t a  uaed .  In t he  i n i t i a l  s e l f - c o n s i s t e n t  i t e r a t i o n s .  8 
s p e c l a  1 ( Cba73) L - p o i n t a  in  the i r r e d u c i b l e  B r i l l o u i n  Eone(IBZ)  a r e  used 
t o  g e t  c l o s e  t o  s e l f - c o n s i s t e n c y .  The f i n a l  i t e r a t i o n s  a r e  c a r r i e d  o u t  
u s i n g  a uni form mesh of  55 k - p o i n t s  in  t h e  IBZ which i s  e q u i v a l e n t  to  
1024 L—-jo in t s  i n  t h e  f u l l  BZ and each k - p o i n t  i s  we i gh t ed  by t he  number 
o f  d i e t  . no t  c Q v e c t o r t  i t i  the  f n l l  B r i l l o u i n  z o n e .  C a l c u l a t e d  ground 
s t a t e  p r o p e r t i e s  a r e  v e r y  s t a b l e :  the change due to  i n c r e a s i n g  t h e  d u d —
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b e r  of  k - p o i n t s  r e s u l t s  In changes  of  l e s s  that) 2% In  the  b u l k  modulus 
and about  0,1% In t h e  p r e d i c t e d  l a t t i c e  p a r a m e t e r .
I t e r a t i o n s  a r e  c o n t i n u e d  u n t i l  t h e  t o t a l  ene r gy  Is s t a b l e  to 1 0 ^  
Ry. At t h i a  l e v e l  of  s e l f - o o n s l s t e n c y  the  i n t e g r a t e d  rms d i f f e r e n c e  b e ­
tween the  Input  and t h e  o u t p u t  c h a r ge  d e n s i t y  i s  o f  the  o r d e r  of 1 0 ^  
e l e c t r o n s  per  u n i t  c e l l .
3 . 2  BAWD STRUCTURE
G e n e r a l l y  gOod agreement  i s  Ob t a i ne d  w i t h  t h e  s e m i r e l a t i v i a t l c  
p s e u d o p o t e n t i a l  r e s u l t s  of  BE(6;113)  , F ig -  1 i a  our  c a l c u l a t e d  band 
s t r u c t u r e  of  s e m i r e l a t i v  1 s t fc  t u n g s t e n .  In  T a b l e .  I l l  onr  c a l c u l a t e d  
e i g e n v a l u e s  a t  some symmetry p o i n t s  i n  the BZ a r e  compared w i t h  t he  
non - r  e 1 a t i v  i * t  i-c p s e u d o p o t e n t i a l  e i g e n v a l u e s  of  ZC(Zun79) , t h e  non—r e l a -  
t i v l s t i c  APV eig e n v a l u e *  of  P e t r o f f  and V i *waua t ha n ( Pc t T l )  and t h e  semi -  
r e l a t i v i s t i c  p s e u d o p o t e n t i a l  e i g e n v a l u e s  o f  BE.
For the  oc c up i ed  ene r gy  bands below Ferat i  e n e r gy  our  r e s u l t s  a r e  
very c l o s e  to BE1* r e s u l t s .  The a l i g h t  d i f f e r e n c e  may be due t o  t h e  o r ­
t h o g o n a l i t y  of the  co r e  s t a t e s  and t h e  v a l e n c e  s t a t e s  t l n o e  i n  t h e i r  
c a l c u l a t i o n  a f r o z e n  co r e  a p p r o x i m a t i o n  i s  I m p l i e d ,  The d i f f e r e n c e  be­
tween ZC. PV and us a r e  ma i n l y  c o n t r i b u t e d  t o  t h e  r e l a t l v i s t i c  e f f e c t  aa 
p o i n t e d  ou t  in R e f . ( B y l 8 3 ) .  No t i c e  t h e  s e m l r e l a t i v i s t l c  e f f e c t  i s  d i f ­
f e r e n t  f o r  bands wi t h  d i f f e r e n t  a n g u l a r  momentum. I t  I s  w e l l  known t h a t  
k i n e m a t i c  r e l s t i v l a t i c  e f f e c t s  lower  s - s t a t e s  bu t  r a i s e  t h e  d - s t a t e s  and 
the  a b s o l u t e  s h i f t  f o r  p and d s t a t e s  a r e  much s m a l l e r  compare t o  the 
s h i f t  of  s s t a t e s .  Th i s  g i v e s  a l a r g e r  t - d  s p l i t  bu t  only  smal l  r e l a ­
t i v e  s h i f t s  among t h e  d s t a t e s .
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F i g u r e  1: Hand s t r u c t u r e  o f  ¥  b\on$ some symmetry l i n t s
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TABLE I I I
Comparison of  e i g e n v a l u e s  of ZC, PV. BE end tit a t  t one  l y s n e t i y  p o i n t !  
i n  t h e  BZ of  W, The euergj . ee  In tV,
ZC PV Bit LAPV
J
f 0 . 0 0
I
o.oo 0 , 00 0 . 00
r  25,
i
1 4 . 40  
J
J .51 8.186 8 . 35
^  12
f
1 8 ,31  
1
8.38 11.611 11. 825
Ni
I
1 0 . 56  
1
1.28 3 .252 3 ,295
N2
i
1 2 . 47  
1
3.28 5.871 5. 994
Nr
l







8.67 11. 519 11 .707
N«
i
I 8 .92 
J





12,16 15, 339 13, 894
“ 12
1
1 0 , 18  
J





11 .26 14. 412 14 . 859
p4
i
f 3 . 22  
1
4.16 6.545 6 .670
P3
i
1 P . 00 
1
9.41 12. 589 12 .870
Ve have a l t o  per formed a t e l f - c o n s i t t e n t  f u l l y - r e l a t i v i t t 1c bend 
s t r u c t u r e  c a l c u l a t i o n  t o  see t h e  e f f e c t s  of  s p l n - o r b i t  c o u p l i n g  on t he  
bend s t r u c t u r e .  The most  n o t i c i b l e  change a f t e r  i n c l u d i n g  t h e  s p l n - o r b i t  
c oup l i n g  ia the  i p l i t  of  energy bands a t  t h e  h i gh  symmetry p o i n t s .  The 
r e s u l t !  a r e  l i l t e d  in Table IV and compared wi t h  t h e  f u l l y  r e l i t l v l t i c  
p s e u d o p o t e n t i hJ c a l c u l a t i o n  of  B y l i n d e r  and E l c i n m a n ( B y l 8 4 ) . The r e ­
s u l t !  a g a i n  are  i n  very  good agreement  w i t h  each o t h e r .
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The Y i l t i p c e  e l e c t r o n  charge  d e n s i t y  con t our  p l o t  f o r  V a long  the 
(110)  p l a n e  l a  shown In  F i g .  2,  The o v e r a l l  s h a p e s  and v a l ues  of  the 
cha rge  d e n s i t y  a g r e e  v e r y  wel l  w i t h  p r e v i o u s  t h e o r e t i c a l  study(MatB4) ,
TABLE IV
Compar i son of  our  e i g e n v a l u e s  of  V a t  h i gh  aynunetry p o i n t s  wi th  t hos e  of 
BK a t  e x p e r i m e n t a l  l a t t i c e  c o n s t a n t .  The s p i n—o r b i t  I n t e r a c t i o n  has  been
i n c l u d e d .
BE LAPW
r t * 0 . 0 0 0 0 .0 0 0 0
r a+ 7 .990 8.1586
f , + 8 .5 4 1 8 .6526
fV 1 1 ,6 6 7 11 .8713
P 7 6 .137 6 .2885
P B 6 .699 6 .8426
P B 12 .620 12.8921
V 3 ,619 3 .6 9 8 0
V 3 . 249 3 .2929
V 5 .858 5 ,9 7 6 8
■ V 1 0 .3 9 2 1 0 .4461
< 11 .4 99 1 1 .6936
1 2 . 4 5 9 12 .7525
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Figure 2; Contour p l o t  o f  thv LDt i l  v i l e n u c  c harge  d e n s i t y .  S u c t t t i v r  
c o n t o u r s  i r e  n e pe r e t e d  by 0 . 0 0 5  ih uni t*,  of  e l e c t r o n  per  
c ubi c  Bohr.
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3.3 ABOUND STATE PROPERTIES
The l a t t i c e  c o n a t a n t  and  b u l k  modulus  o f  t u n g s t e n  are  o b t a i n e d  from 
the c a l c a l a t e d  t o t a l  e n e r g i e s  a> a f u n c t i o n  of  volume In the BCC c r y s t a l  
s t r u c t u r e .  T o t a l  e n e r g i e s  a r e  c a l c u l a t e d  f o r  four  d i f f e r e n t  l a t t i c e  pa­
r a m e t e r s  r a n g i n g  from 3% s m a l l e r  t o  3% l a r g e r  t ha n  the  exper i men­
t a l  (Vyc 63) l a t t i c e  c o n s t a n t .  The r e s u l t s  a re  shown i n  Table  V.
TABLE V
C a l c u l a t e d  t o t a l  e n e r g i e s  a t  f ou r  l a t t i c e  p a r a m e t e r s  f o r  V i n  BCC
s t r u c t u r e .
■(X) 3 . 0 6 4  3 . 160  3 . 207  3.256
> - 32244 . 30559  - 32244 . 31678  -32244 .31487  -33244.30895
I f  we assume the  b u l k  modulus  changes  l i n e a r l y  as a f u n c t i o n  o f  
p r e s s u r e ,  we can f i t  the e n e r g i e s  t o  the  Murnaghan ' s  e q u a t i o n  of  
s t a t e  fHur44)
B,V (V /V0 >B
E(V) L — I  + 1] + c o n a t a n t
V  -1
(63)
where Ba and B0 ’ a r e  the  b u l k  modulus  and i t s  p r e s a o r e  d e r i v a t i v e  a t  
t h e  e q u i l i b r i u m  volume V„. The f i t  t o  t h i s  e q u a t i o n  has  an m s  e r r o r  
of  2 . 3  a ID- 6  Ry.
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TABLE VJ
C i m p t r U o i i  o f  c a l u l a t e d  l i t t l u c  c o n i t m t ,  b u l k  modulus.  p t e i i n i e  
d e r i v a t i v e  of  b u l k  modulus  And cohes ive  energy v i t h  exper i ment  f o r  V.
ZC BE LAF% exp
a <£) 3 . 173 3 .162 3 .164 3.162




B' — — 4.14 4.32 (c)
E{e V) 7 .90 8 . 93 10. 09 8.90 td>
( a ) R t f , ( F e a 6 3 ) > T = 0 K, e i t n p o l i t c d
t b )  R e f .  ( B r i 4 9 )  , T ■ room temp.
U )  R e f .  <Min78)
(d )  f t e f .  U i t 7 6 )
l a  Ta b l e  VI t h e  l a t t i c e  c o n s t a n t ,  b u l k  n o d n l u i .  and c o h es i v e  energy  
o b t a i n e d  f r o e  t b i a  f i t  a r e  compared wi t h  t ho t e  c a l c u l a t e d  by ZC(Zaa79) 
and BK(Byl83} i a  v e i l  v i t h  ex p e r i me n t .  ZC and BE f i t t e d  t h e i r  t o t a l  
e n e r gy  r e s u l t s  t o  a po l ynomi a l  in  the  l a t t i c e  p a r a m e t e r ,  and » f  have 
a l s o  t e s t e d  some o t h e r  f u n c t i o n a l  forma f o r  the  e q u a t i o n  of  i t a t g , Ve 
found t h a t  i n  t u n g s t e n  t h e  l a t t i c e  pa r ame t e r  i s  r a t h e r  i n s e n s i t i v e  to 
t h e  p a r t i c u l a r  form uaed .  Assuming a q u a d r a t i c  e x pans i on  i a  t he  l a t t i c e  
p a r a m e t e r ,  t h e  e q u i l i b r i u m  l a t t i c e  p a r ame t e r  change by only 0,3% com­
p a r e d  t o  t he  v a l u e  o b t a i n e d  f rom Hurnaghau ' a e q u a t i o n .  The b u l k  modulus 
c ha nge s  by on ly  1.5%,  The c a l c u l a t e d  p r e s  acre d e r i v a t i v e ,  B0 ' ,  ob­
t a i n e d  f rom Mur naghun ' a  e q u a t i o n  i s  4 . 14  i n  good agreement  f t i t h  t he  ex­
p e r i m e n t a l  v a l u e  of  4 ,32(Min7H) .
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To o b t a i n  the  c ohes i ve  energy  of  bulk, t u n g s t e n ,  s e l  f - c o u i i e t e t i t  
sp in - po l a r i zed ( Hor TB)  i l l  e l e c t r o n  4 t o n i c  c a l c u l a t i o n s  were pe r fo r me d  
f o r  the  i s o l a t e d  tungs t e n  4 tom us ing the  von Ba r t h - n a d i u ( f i a r 7 2 )  a p l n -  
d e n s i t y  f t mc t  l o c a l . Aa t h e  non - s p i n—p o l a r i s e d  l i m i t  of  the  von 
Bar t h -Hed i n  f u n c t i o n a l  i a  t h e  Eedin  Lundqvi i t (Uqd71)  d e n s i t y  f u n c t i o n a l ,  
«  r e p e a t e d  t h e  b u l l  c a l c u l a t i o n  us ing the  lied in L u n d q v i a t  d e n s i t y  f u n c -  
t i o n a l , S ince  i n  the b u l l  c a l c u l a t i o n  t h e  3d and 6s s t a t e s  a re  t r e a t e d  
s c a l a r  r e l  a t l v l a t i c a l  ly w h i l e  the  o the r  s t a t e s  are  t r e a t e d  f u l l y  r o l a -  
t i v l s t i c a l l y . t h i s  was a l t o  done in t he  a t o n i c  c a l c u l a t i o n .
The b a l k  e q u i l i b r i u m  t o t a l  energy i a  -32313.017 R y , and t h e  i s o l a t ­
ed atom t o t a l  energy i s  - 32312 . 273  By. The cohes ive  energy  i s  t b u a  
10 . 09  eV. T h i s  r e s u l t  i t  shown In Table VI ,
For compar i son  we have a l s o  per formed t o t a l  ene r gy  c a l c u l a t i o n s  f o r  
V i n  the h y p o t h e t i c a l  FCC s t r u c t u r e  u s i n g  10 s p ec i a l  k. -points  i n  t h e  
1BZ. The c a l c u l a t e d  t o t a l  e n e r g i e s  a t  f oor  d i f f e r e n t  l a t t i c e  c o n s t a n t s  
a r e  ahoirn in Tab l e  VI I ,  We see t h a t  the  t o t a l  energy of  the  FCC
TABLE VII
C a l c u l a t e d  t o t a l  e n e r g i e s  a t  four  l a t t i c e  p a r am e t e r s  f o r  V in FCC
s t r u c t u r e .
*<A> 3 .9 2 3  3 .9 8 1  4.041 4 ,101
E(Ry) -3 2 2 4 4 ,3 7 9 2 7  - 3 2 2 4 4 ,2 8 3 3 2  -3 2 2 4 4 .2 8 3 3 d  - 3 2 2 4 4 .2 7 9 5 5
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s t r u c t u r e  i f  about  0 . 43  eV above t h e  ( t a b l e  BCC s t r u c t u r e ,  t h e  f i t t e d
t  M W
l a t t i c e  c o n s t a n t  of  4 . 041  A and b u l k  mod v i n e  of  2 . 8 3 Augree  we l l  w i t h  the 
t h e o r e t i c a l  r e m i t  a o f  J a n s e n  and Freeman!  Jau84)  . These re s u i t e  i n d i ­
c a t e  t h a t  we can p r e d i c t  t h e  ( t a b l e  c r y s t a l  s t r u c t u r e  f rom the  f i r s t  
p r i n c i p l e s .
3 . 4  PftBSSDttE CALCULATION
The ground  s t a t e  s t r u c t u r a l  p r o p e r t i e s  o f  a c r y s t a l  can a l s o  be 
e v a l u a t e d  t h rough  the  d i r e c t  c a l c u l a t i o n  of  p r e s s u r e  by e x p l o i t a t i o n  of  
t h e  ilel lman-Feynman(Bel37 ,Fey3 9) theorem and o f  t h e  quantum me chan i ca l  
v i r i a l  t heo rem!Sch6f i ) , which i n  p r i n c i p l e  i s  i d e n t i c a l  w i t h  the  t o t a l  
energy c a l c u l a t i o n .
From a p r a c t i c a l  p o i n t  of  v i ew,  t h e  e v a l u a t i o n  of  p r e s s u r e  P(V) , 
t h e  s lope  o f  E(V) a t  z e r o  t e m p e r a t u r e ,  a t  each c r y s t a l  volume V has  the 
m e r i t s  of  e x t r a c t i n g  more I n f o r m a t i o n  from a s i n g l e  s e l f - c o n s i s t e n t  c a l ­
c u l a t i o n  and  of  r e d u c i ng  t h e  e r r o r  f rom f i t t i n g  t o t a l  ene rgy  t o  a spe­
c i f i c  f u n c t i o n a l  form o f  e q u a t i o n  of  s t s t e s ( B o r J M ) , I t  a l s o  f a c i l i t a t e s  
d e t e r m i n a t i o n  of the  e q u i l i b r i u m  l a t t i c e  c o n s t a n t  b e c a u s e  t h e  curve of 
t h e  p r e s s u r e  and volume r e l a t i o n  p a s s e s  l i n e a r l y  t h r ou g h  z e r o  a t  e q u i ­
l i b r i u m ,  i n  c o n t r a s t  t o  t h e  t o t a l  ene rgy ,  which p a s s e s  t h r ou g h  a quad­
r a t i c  minimum. P r e s s u r e  c a l c u l a t i o n  a l s o  p r o v i d e s  a v a l u a b l e  check on 
t h e  n ume r i ca l  p r ocedu r e  s i n c e  good agreement  between t o t a l  ene r gy  and 
p r e s s u r e  r e q u i r e s  c o n s i s t e n c y  ip the  n u me r i c a l  p r o c e d u r e .  But because  
p r e s s u r e  i s  no t  a v a r i a t i o n a l  minimum i n  t h e  d e n s i t y  f u n c t i o n a l  theorem 
t h e  c a l c u l a t i o n  of  p r e s s u r e  r e q u i r e s  h i g h e r  convergence  i n  cha rge  d e n s i ­
t y  which means more i t e r a t i o n s  s ho u l d  be done compared t o  t h e  t o t a l  en-
46
n r gy  c a l c u l a t i o n .  In a d d i t i o n  because  wo need t h e  a b s o l u t e  v a i n *  of 
p r e s s u r e  to  d e t e r m i n e  the l a t t i c e  c o n s t a n t  the a c c u r a c y  of t h e  p r e a e u r e  
c a l c u l a t i o n  would d u a l l y  n o t  be a* good a* t o t a l  energy c a l c u l a t i o n *  
where  only t h e  r e l a t i v e  v a l u e *  a r e  uaed.  For V, b e c a u s e  I t  hue a l a r g e  
b u l l  modulus and  t t o n t p h e r i c a l  e f f e c t *  a r e  s n a i l  f o r  t h i *  c l o s e - p a c k e d  
s t r u c t u r e  we e x p e c t  the p r e s e n c e  c a l c u l a t i o n  nay g i v e  f a i r l y  a c c u r a t e  
r e s u l t s .
Using e q . ( 6 1 )  we have e v a l u a t e d  p r e s s u r e s  f o r  b u l l  t u n g s t e n  a t  f our  
d i f f e r e n t  l a t t i c e  s i r e s .  The f u l l y  r e l a t l v l s t i c  f o r mu l a  1* used f o r  the 
c o r e  s t a t e s  and t h e  s e m i r e l a t i v i a t l c  c o r r e c t i o n  t e r n s  a r e  c a l c u l a t e d  f o r  
v a l e n c e  s t a t e s  I n s i d e  the HT. Al l  the c a l c u l a t i o n s  a r e  the sane  a* de-  
s c r i b e d  In t he  p r e v i o u s  s e c t i o n s  exc e p t ,  f o r  a b e t t e r  conve rge nce ,  we 
i n c r e a t e d  t h e  number of l o g a r i t h m i c  meah p o i n t s  i n s i d e  JIT s phe r e  from 
331 to  531 but  k e p t  the  s t e p  s i z e  and t h e  HT r a d i u s  unchanged,  We found 
t h a t  t h i s  i n c r e a s e  in  mesh p o i n t s  lowered the  t o t a l  energy f o r  each  l a t ­
t i c e  s ize  u n i f o r m l y  by an amount  of 14 mKy as e x p e c t e d  and ha s  e a i e n t i a -
l y  no e f f e c t  on t h e  s t r u c t u r a l  p r o p e r t i e s .
Our r e s u l t s  f o r  c a l c u l a t e d  p r e s s u r e  and t o t a l  energy a r e  l i s t e d  In 
T a b l e  VII I .
In o rder  t o  ana l yze  t he  r e s u l t s  we f i t  the f o u r  p r e s s u r e *  and t o t a l  
e n e r g i e s  to t h e  n o n - l i n e a r  Kurnaghan ' a  e q u a t i o n  o f  s t a t e ( Mur 44)  f o r  en­
e r g y  volume r e l a t i o n  and p r e s s u r e  volume r e l a t i o n  r e s p e c t i v e l y  and ob­
t a i n  the p r e d i c t e d  l a t t i c e  c o n s t a n t s ,  b u l k  moduli  and p r e s s u r e  d e r i v e r -
t i v e s  of  bu lk  modu l us ,  the r e s u l t s  a rc  g i ve n  in Tab l e  I I .
Tie e x c e l l e n t  agreement  between the  t o t a l  e n e r g y  and t h e  p r es a t i r e  
c a l c u l a t i o n  c l e a r l y  i n d i c a t e s  t h a t  very good n um e r i c a l  c o n s i s t e n c y  h a s
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TABLE V I I I
C a l c u l a t e d  p r e s s u r e and t o t a l  e n e r g i e s  
c o n s t a n t !
of  BCC ¥ a t  four
t i c e  cons t an t
(it)
P r e s su r e
fMbar)
Total  Energy 
<Ry)
3 ,0*4 0 . 3718 -32244.31917
3 . 1*0 0.0097 -32244.33065
3 .207 -0 . 1273 -32244.32870
3 .256 -0 . 1302 -32244.32271
TABLE IX
Compt r i t o n  o f  c a l c u l a t e d  l a t t i c e  c o n s t a n t ,  b u l k  modulus  and i t s  p r e s s u r e  
d e r i v a t i v e  f ram o i t h o r  p r e s s u r e  or  t o t a l  energy c a l c u l a t i o n s  and
e x pe r i me n t a l r e a u l t i ,
1
Method f a*{A) B(Wbarl
P r e s s u r e 1 3.163 
1
3.217 4 .20







1 3.1*2 3 .142 4 . 32
1
been a c h i e v e d  i n  t he  c a l c u l a t i o n s .  I t  a l s o  i mp l i e s  t h a t  Murnaghan ' a  
e q u a t i on  of  s t a t e  i s  s a t i s f i e d  i n  t h i s  m a t e r i a l  ove r  the r e n t e  of  v o l ­
umes e x a m i n e d .
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3 .5  OVKBlAPPTHq CORB-STATB EFFECTS
Since  t h e  o v e r a l l  ag reement  w i t h  exper i ment *  i a  good.  we w i l l  f u r ­
t h e r  make i n v e s t i g a t i o n s  on t o n e  a p p r ox i m a t i on  Died i n  t h i s  c a l c u l a t i o n .  
As m e n t i o n e d .  t h e  c o r e - e l e c t r o n  s t a t e s  ware t r e a t e d  t e l f - c o u e l * t e n t l y  in 
an a t o m i c l i k e  a p p r o x i m a t i o n  i n  o b t a i n i n g  the  r e m i t s  g i ve n  in Tables  
Y-Vl .  The h a n d l i n g  of  t h e  co r e  e l e c t r o n s  i n  t u n gs t e n  d e s e r v e s  some a t ­
t e n t i o n ,  s i n ce  the  5p l e v e l  i s  a " f a t 1* core  s t a t e  ( i . e .  the Sp c o r e -  
s t a t e  has  about  0 , 1  e l e c t r o n s  p e r  u n i t  c a l l  o u t s i d e  of  t h e  muff i n - t i n
s p h e r e s ) .  Th i s  means,  of  c o u r s e ,  t h a t  t h e r e  I s  some o v e r l a p  of  the  5p
c o r e  s t a t e s  o f  n e i g h b o r i n g  a t oms .  Thi s  r a i s e s  the  q u e s t i o n  of  how much 
t h e se  s t a t e s  c o n t r i b u t e  t o  t h e  obse r ved  e q u i l i b r i u m  p r o p e r t i e s .  In ad­
d i t i o n ,  t h e  e f f e c t  of t h e s e  " f a t "  co r e  s t a t e s  can be e x p ec t e d  to become 
more s i g n i f i c a n t  in h i g h - p r e s s u r e  s t u d i e s .
We now a s s e s s  the  impac t  o f  v a r i o u s  a p p r ox i m a t i on s  t o  the e o re -  
s t a t e s ,  and we r e l a t e  ou r  f i n d i n g s  to the  commonly used  f r o z e n - c o r e  and 
p s e u d o p o t e n t l a l  a p p r o x i m a t i o n s .  Ta b l e s  X and XI d i s p l a y  our  r e s u l t s  
f o r  v a r i o u s  t r e a t m e n t s  of  the  c o r e - e l e c t r o n s ,
For each t r e a t m e n t ,  s e l f - c o n s i s t e n t  c a l c u l a t i o n s  were c a r r i e d  out  
f o r  the  t o t a l  ene r gy  a t  o n l y  t h r e e  l a t t i c e  c o n s t a n t s ,  a / a ^  0 . 97 ,  1 , 0 ,  
1 . 0 3 .  where a^ -  3 , 160  angs t rom* ia c l o s e  t o  the  e x p er i me n t a l  va l ue .  The 
t o t a l  e n e r g i e s  a r e  t h e n  f i t t e d  t o  a q u a d r a t i c  e q u a t i o n  t o  o b t a i n  the 
e q u i l i b r i u m  l a t t i c e  c o n s t a n t  and b u l k  modulus .
In c a l c u l a t i o n  (1) i n  T a b l e t  X and XI,  the  c r y s t a l  core charge i s
t r e a t e d  s a l f - c o u s i a t c n t l y  ( t h e  s o - c a l l e d  s o f t - c o r e  ap p r ox i ma t i on )  lb an 
a t a m i c l i k e  a p p r o x i m a t i o n .  The a t o m i c l i k e  core e l e c t r o n  s t a t e s  fo r  each 
atom a r e  o b t a i n e d  i n  each i t e r a t i o n  from the  s p h e r i c a l  p a r t  of the po-
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TABLE X
Comparison o f  v a r i o u s  t r e a t m e n t s  o f  t h e  5p core  e l e c t r o n  ■ t r i e s  
f o r  H ( r o e  t e x t ) .  ■ I t  l a t t i c e  c o n a t a n t  end B i a  b u l k  modulo*.
Core T r e a t me n t : a (A) B( Hba r )
1) Sel f - c c m s i  s t e n t , 
o v e r l a p p i n g ,  a t o & i c l l k e 3 .16 B 3 .238
2> S e l f - c o n s i s t e n t ,  
a t o m i c l i k e ,  c o n s t a n t  Qj 3 .170 3 .303
3) Same as (2) but  
f r o z e n - core 3 .164 3 ,781
4) Same aa  (2) b u t  
r e n o m a l  l i e d  f r o z e n  c o r e 3 .221 3 .937
5) V a r i a t i o n a l  5p c o r e - s t a t e ,  
f r oz e n  i n n e r - c o r e 3 .171 3. 662
6) Same aa ( j )  bu t
■ e l f - c o o s l s t e n t  l o n e r - c o r e 3 . 166 3. 412
7) Same a s  (1) bu t  no 
s p i n - o r b l t  f o r  5p co r e  s t a t e 3 .165 3 .472
8> Same a s  (1) bu t  no 
■ p i n - o r b i t  f o r  s l l  c o r e  s t a t e s 3 . 167 3 , 455




(a)  K e f .  <Fea63) 
<b) Ref  . (Br l4 9)
t e n t i a l  In e a c h  muf f in- t i tL s p h e r e ,  e x t r a p o l a t e d  t o  I n f i n i t y .  The e x t r a ­
p o l a t i o n  p r o c e d u r e  l a  somewhat a r b i t r a r y  and c e l l *  I n t o  q u e s t i o n  t h e  a c ­
curacy  of t b i t  a p p r o x i m a t i o n . In b u l k  t u n g s t e n  nea r  t h o  e q u i l i b r i u m ,  
however , we have  found t h a t  t h e  r e s u l t *  a r e  v e r y  i n s e n s i t i v e  to  t he  ape -
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TABLE I I
T o t a l  energy (Ry) a t  t he  t h r e e  l a t t i c e  p a r a m e t e r s  uaed In  TABLE I ,  There  
a 0 K 3 . 160  i .  For  t h e  l a t t e r  two L a t t i c e  p a r a m e t e r s ,  only the  l a s t  
f i v e  s i g n i f i c a n t  f i g u r e s  a r e  g iven .
CfiXE i TAUSERt :
1) S e l f - c o n t i a t e n t .
o v e r l a p p i n g ,  a t c m l c l i k e
0 .97
*0
1 .0 L .03
32244. 30559 * .31678 *.30895
2) S e l f - c o n t i a t e n t ,
a t o m l c l i k e ,  c o n s t a n t  Qj - 32244 . 30303 *.31677 * .30909
3) Sane n  (2) b u t
f i o i e n - C D r e 32244.30482 *.31677 *.30655
4} Sane as (2) but
r e n o r m a l i z e d  f r o z e n  co r e  - 32244-26377 *.29077 *.29411
3) V a r i a t i o n a l  5p c o r e - s t a t e ,  
f r o ze n  i n n e r - c o r e
6) Sane as  (3) but  
a e l f - c o n s l a t e n t  
i n n e r - c o r e
7) Same aa {1) b u t  no 
s p l n - o r b i t  f o r  5P 
core s t a t e s
8) S u e  a i  (1) b u t  no 
s p l n - o r b i t  f o r  Al l  
core  s t a t e s
32244.00337 *.01663 *.00835
-32244 . 00702  * . 01824 *.00944
-32244 . 00332  * . 01460 * .00549
-32198 .38191  * . 39340 *.38461
c l f i c  form u s e d .  The c r y s t a l  cor e  c h a r ge  d e n s i t y  i s  t hen  d e f i n e d  as  t he  
s u p e r p o s i t i o n  o f  t h e s e  s p h e r i c a l  c o r e  cha rge  d e n s i t i e s .  Thi s  c r y s t a l  
core  charge  d e n s i t y  i s  t hen  decomposed i n t o  a l a t t i c e  bar  motile expans i on
31
w i t h i n  t h e  s p h e r e s  ( i t  c o n t a i n *  n o a - s p h e r i c s l  c o n t r i b u t i o n !  coning from 
n e i g h b o r i n g  a t o n * )  and ■ p l a n e  ware expans ion l a  t h e  i n t e r s t i t i a l  r e ­
g i on  .
I n  c a l c u l a t i o n  ( I )  i n  T a b l e s  X and XI, the a t o m l c l i k e  core  s t a t e s  
■ r e  o b t a i n e d  f o r  each atom aa  i n  c a l c u l a t i o n  ( 1 ) .  I n s t e a d  of  s u p e r p o s ­
ing t h e s e  c o r e  d e n s i t i e s ,  however ,  any " s p i l l - o u t ’* co r e  charge from the 
m u f f i n —Lib s p h e r e  i s  u n i f o r m l y  d i s t r i b u t e d  in t he  i n t e r i t i t i a l  r e g i o n .  
The t o t a l  '*spl 11 - o n t "  co r e  s t a t e  charge  i t  0.11 e l e c t r o n ! ,  of  which  
abou t  90% comes f rom t h e  5p o r b i t a l s .  As seen in  Ta b l e  XI,  the d i f f e r ­
e nce  be t wee n  t he  t o t a l  e n e r gy  i n  c a l c u l a t i o n s  (1) and (1) i t  r a t h e r  
s m a l l .  The l a r g e s t  d i f f e r e n c e  occur s  a t  the s m a l l e s t  l a t t i c e  p a r a m e t e r  
where t h e  a toms a r c  c l o s e r  t o g e t h e r  and core o v e r l a p  i t  g r e a t e r .  ¥e 
c o n c l u d e  t h a t ,  a t  l e a s t  nea r  t h e  e q u i l i b r i u m  volume,  t h e  c o n s t a n t  In­
t e r s t i t i a l  c o r e  c h a r ge  d e n s i t y  e f f e c t i v e l y  s imu l a t e s  t h e  o v e r l a p  o f  the  
f a t  5p co r e  s t a t e .
The e f f e c t  o f  the f r o z e n - c o r e  approximat ion i s  examined in  c a l c u l a ­
t i o n s  (3) and (4)  in  Ta b l e s  X and XI,  The core ch a r g e  d e n s i t y  o b t a i n e d  
i n  c a l c u l a t i o n  (2) i s  used f o r  t h i s  purpose .  T h i s  app r ox i ma t i on  {3)
l e a d s  t o  an e r r o r  o f  about  20% iu  t h e  c a l c u l a t e d  h u l k  modulus .
C a l c u l a t i o n  (4)  f u r t h e r  examines  the  s e n s i t i v i t y  t o  t he  choice o f  t h e
f r o  m u  co r e  c h a r g e  d e n s i t y .  The assie i n i t i a l  f r oz e n  c o r e  is  used as  in 
( 3 ) ,  e x c e p t  t h a t  t h i s  core  cha rge  d e n s i t y  l i  renormul  i r o d  such t h a t  the 
number of  c o r e  e l e c t r o n  i n s i d e  the  m u f f l n - t i n  sphere  i s  e x a c t l y  68 ,  and 
t h e r e  a r e  no c o r e  e l e c t r o n s  In the i n t e r s t i t i a l  r e g i o n ,  This  co r e  den­
s i t y  i s  t he n  f r o z e n  and uaed a t  a l l  t h r e e  l a t t i c e  p a r e s i e t e r s ,  T h i s  r e ­
m i t s  i n  even l a r g e r  d i s c r e p a n c i e s  not  only in the  b u l k  modulus b u t  a l s o
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i n  t he  p r e d i c t e d  e q u i l i b r i u m  l a t t i c e  p e r i m e t e r .  Thus c e l e o l a t i o n s  {3) 
and (4) *ho* t he  magni tude  of  s o f t - c o r e  e f f e c t *  which  a m  be e x p e c t e d  i n  
s ys t ems  wi t h  f i t  co r e  i t i t e i ,
We hov examine t h e  adequacy of t r e a t i n g  the 5p " f i t w c o r e  s t a t e  as  
an  a t o m l c l i k e  s t a t e .  C a l c u l a t i o n s  (5) and (6) i n  Tab l e*  1 and 11 t r e a t  
t h e  5p l e v e l  a* t  v a r i a t i o n a l  band  s t a t e .  In (5) , t h e  i n n e rm o s t  core  
s t a t e s  were r e n o r m a l i z e d  and f i o i e n  aa i n  c a l c u l a t i o n  ( 4 ) ,  I n  c a l c u l a ­
t i o n  ( 6 ) ,  t he  Inne r mos t  care  s t a t e s  were no t  r e n o r m a l i z e d  o r  f r o z e n ,  b u t  
were c a l c u l a t e d  t e l f - c o n s i s t e n t l y  a s  i n  { 1 ) ,  The LAPi v a r i a t i o n a l  c a l ­
c u l a t i o n  was per fora t ed  i n  two e n e r gy  “windows'1, one f o r  t h e  c o n v e n t i o n a l  
J d , 6 *  band a t a t e a  and otie f o r  t he  lower  l y i ng  5p s t a t e s .  Thus two d i f ­
f e r e n t  a e t i  of  LAW energy p a r a m e t e r s  were used .  Th i a  r e q u i r e s  two s e p ­
a r a t e  d i a g o n a l i i a t i o n s  o f  tho s e c u l a r  equa t i on*  a t  eacb  k - p o i n t ,  b u t  
y i e l d s  t h e  g r e a t e s t  v a r i a t i o n a l  f r eedom.  Al though t h i s  p r o c e d u r e  c o r ­
r e c t l y  t r e a t s  t he  5p o v e r l a p ,  i t  n e g l e c t s  t h e  s p l n - o r b i t  s p l i t t i n g  o f  
t h e  Sp l e v e l s  (which i a  l a r g e ,  a b o u t  d , 0  e V ) , l i n c e  t h e  b a r d  a t a t e a  a r e  
c a l c u l a t e d  i c a l a r - r e l a t l v i a t i c a l i y , [ S p i n - o r b i t  e f f e c t *  a r e  f u r t h e r  e x ­
amined i n  c a l c u l a t i o n s  (7) and ( 8 ) .J Thu*,  the  d i f f e r e n c e  i n  t o t a l  e n e r ­
gy b e t wee n  (1) and ( 6 ) .  about 0 . 3  Hy, i a  doe to  t h e  n e g l e c t  o f  t h e  5p 
s p i n - o r b i t  i n t e r a c t i o n .  A* e x p e c t e d ,  f r e e z i n g  t h e  i n n e r m o s t  co r e  
s t a t e s ,  which a r e  v e r y  l o c a l i z e d  has  very  l i t t l e  e f f e c t .  T h e r e  i s  
r o u g h l y  a 12% e r r o r  in  the p r e d i c t e d  bulk  modulus i n  c a l c u l a t i o n *  (5) 
and ( 6 ) ,  bu t  t h o s e  r e s u l t *  a r e  i n  b e t t e r  agreement  w i t h  c a l c u l a t i o n s  
( 1 ) .  (2)  and e x p e r i me n t  than a r e  t he  f r o z e n —core c a l c u l a t i o n s .
F i n a l l y ,  we examine i p i n - o r b i t  e f f e c t s .  We remove t h e  s p i n - o r b i t  
i n t e r a c t i o n  from t he  c a l c u l a t i o n  o f  t h e  a t o m i c l i k e  c o r e  s t a t e s .  T h i s  I s
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done i n  cal  D e l a t i o n s  (7) and (8) i n  Table*  I  bud £1.  The o n l y  d i f f e r ­
ence be tween c a l c u l a t i o n s  (1) and (7) i a  t h a t  t h e  s p l n - o r b i t  i n t e r a c t i o n  
ha* been removed from the  5p a t  e m i t l i k e  core  s t a t e ,  The r e s u l t *  f o r  t h e  
b u l k  module*, and the  e q u i l i b r i u m  l a t t i c e  p a r am e t e r  a r e  i n  v e r y  good 
agreement  w i t h  c a l c u l a t i o n  1 6 ) .  C a l c u l a t i o n  (8) shows the  e f f e c t  of r e ­
moving the  s p l n - o r b i t  i n t e r a c t i o n  from a l l  t h e  co r e  s t a t e * .  Aa e x p e c t ­
ed,  t h i a  f u r t h e r  change ha* l i t t l e  e f f e c t  on t h e  e q u i l i b r i u m  p r o p e r t i e s ,  
a i nce  the  r e ma i n i n g  core  s t a t e *  a r e  e x t r e me l y  l o c a l i z e d .
We conc l ude  From t h e t e  c a l c u l a t i o n * ,  t h a t  5p co r e  s t a t e  o v e r l a p  has  
a * i g n i f i c a n t  i n p a c t  on t h e  c l a s t i c  p r o p e r t i e s  o f  t u n g s t e n ,  even a t  n o r ­
mal p r e s s u r e  and t h a t  t he se  e f f e c t *  can be e x p e c t e d  t o  g e t  l a r g e r  at  the 
r educe d  volumes o b t a i n e d  in h i gh  p r e s s u r e  s t u d i e s .  The i n c l u s i o n  of the 
s p i n - o r b i t  i n t e r a c t i o n  of  t h e  5p co r e  s t a t e  a l s o  h a i  ■ s i g n i f i c a n t  e f ­
f e c t  on t h e  b u l k  modulus and t h i s  s ho u l d  be i n c r e a s i n g l y  i m p o r t a n t  i n  
h i gh  p r e s s u r e  s t u d i e s .  These r e s u l t s  a l s o  i n d i c a t e  t h a t ,  a t  l e a s t  f o r  
normal  p r e s s u r e .  I t  I s  no t  n e c e s s a r y  t o  t r e a t  t h e  "'fat'* core s t a t e s  as  
band s t a t e s .  The f r o z e n - c o r e  a p p r o x i m a t i o n ,  however ,  i n t r o d u c e s  s i g n i f ­
i c a n t  e r r o r s .  We b e l i e v e  t h i s  a c c o u n t s  f o r  the b e t t e r  agreement  of  our  
c a l c u l a t e d  b u l k  modulus wi t h  ex p e r i me n t  t han  had been  p r e v i o u s l y  ob­
t a i n e d  i n  t h e  p s e u d o p o t e n t i a l  c a l c u l a t i o n s  of  ZC(Zun79) and BK{BY183>.
3 .6 FfcOzBf FHONOH
A c c u r a t e  ground s t a t e  s t r u c t u r a l  p a r am e t e r s  o b t a i n e d  i n  otir c a l c u -  
l a t i o n a  and t h e  c a p a c i t y  of t a k i n g  i n t o  accoun t  a l l  n o n - s p h e r i c a l  con­
t r i b u t i o n s  t o  t h e  c l e t r o n i c  c h a r ge  d e n s i t y  and p o t e n t i a l  i n d i c a t e  t h a t  
our  f i r a t  p r i n c i p l e  gene r a l  p o t e n t i a l  LAPW method s hou l d  be a b l e  to
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probe m i l  energy changes  due to  t he  d i s t o r t i o n  o f  t he  c r y s t a l  s t r i i c  — 
t a r e ,  f o r  i n s t a n c e  I n v e s t i g a t i o n  of  phonon f r e q u e n c i e s  and s o f t  phonon 
mode and r e l a t e d  phas e  t r e e s  I t  tons  {Deb 77 pBar78,  YlnB2 , llo04) , Because 
these  s ys t ems  concerned u s u a l l y  have low symmetry,  t h e  u o n - s p h e r l e a l  
c o n t r i b u t i o n  nay p l a y  an impor t an t  r o l e .  To demons t r a t e  t h i s  c a p a c i t y  o f  
our method we have p e r fo r me d  a f r o z e n —phonon{BoB4) c a l c u l a t i o n  f o r  t he  
R-point  phonon nodes in  t u n g s t e n  by e v a l u a t i n g  t h e  c r y s t a l l i n e  t o t a l  e n ­
ergy as a f u n c t i o n  o f  t h e  l a t t i c e  d i s t o r t i o n  amp l i t ude  f o r  t h i s  phonon 
mode. f o r  Ho, Nh and Z r ,  The only fundamenta l  a p p r ox i m a t i on s  in  such 
c a l e o l a t i o n s  are  t h e  Born—Qppenhaimer approx imat i on  and t h e  l o c a l  d e n s i ­
ty f u n c t i o n a l  e x p r e s s i o n s  f o r  the  t o t a l  energy .
The a t omic  d i s p l a c e m e n t s  fo r  t h i s  phonon mode a r e  a s  f o l l o w s .  The
d i s t o r t i o n  o f  the BCC u n i t  c e l l  by t h i a  tone boundary phonon node y i e l d s  
a simple c u b i c  l e t t l a e  w i t h  two stoma per  p r i m i t i v e  u n i t  c e l l .  One o f  
the atoms i s  s h i f t e d  f rom i t s  e q u i l i b r i u m  p o s i t i o n  by a smal l  amount
Au along t h e  (100) d i r e c t i o n ,  end t h e  o t h e r  Is  s h i f t e d  by the same
n
amount bu t  i n  the o p p o s i t e  d i r e c t i o n .  The space  group l a  D ' ^ h (P4/mn&0 
and i s  non ayamorph ic ,
The c a l c u l a t e d  t o t a l  e n e r g i e s  a r e  f i t t e d  t o  the  f o l l o w i n g  e q u a t i o n
E = E.+aAu2 +biu'1
(64)
t h i s  e x p a n s i o n  i n c l u d e s  o n l y  even powers of  Au, s i nce  odd powers bus t  
be a b s e n t  by the symmetry.  The phonon f r equency  I t  d e t e r m i n e d  by t he  
c o e f f i c i e n t  o f  the ha rmoni c  t e rm,  a,  wh i l e  the  e x pans i on  c o e f f i c i e n t ,  b ,  
d e t e r mi ne s  t he  lowest  o r d e r  enharmonic te rm.  The f r e q u e n c y  In 1Hz i s  
given by
f -  108,36 'JaTfi THz . (65)
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where > i t  i n  Ry / bohr 1 end U i t  t h e  a t o n i c  w e i g h t .
tfe have f i r t t  checked t h e  n u m e r i c a l  s t a b i l i t y  of  the  t o t a l  e n e r g y  
c a l c u l a t i o n  wi th r e a p o a t  t o  t h e  change of  u n i t  c e l l .  t h e  c a l c u l a t i o n  i n  
Tabic  V f o r  the  u n d i a t o r t e d  s t r u c t u r e  u s i ng  t h e  BCC u n i t  c e l l  ( I . e .  one 
■ t on  pe r  u n i t  c e l l )  *» (  a l t o  p e r fo r me d  us i ng  an 8 k - p o i n t s  s amp l i ng  
which i t  e q u i v a l e n t  t o  the  6 k —p o i n t  sampl ing c i pd  i n  t h e  SC s t r u c t u r e  
un i t  c e l l  ( i . e .  two atom* per  u n i t  c e l l ) , The 8 k - p o i n t  c a l c u l a t i o n  
y i e l d s  a t o t a l  energy  of  -32244.31887 Ry or  - 64488 . 63774  Ry f o r  two a t ­
om a. the 6 Ic-point c a l c u l a t i o n  y i e l d s  a t o t a l  energy  of  - 6448 8 . 6 3 7 8 3 ,  
which a g r e e s  wi th the f o m e r  t o  b e t t e r  t han  0 , 1  mRy, Th i s  i n d i c a t e s  t he  
numerical  s t a b i l i t y  of  the  t o t a l  ene r gy  c a l c u l a t i o n .
The c a l c u l a t i o n s  f o r  t h i s  f r o z e n  phonon f r equency  a r e  pe r fo rme d  u s ­
ing 126 s p e c i a l  h - p o i n t a  In t h e  IBZ w i t h  the  a r t i f i c i a l  t e m p e r a t u r e  b r o -  
deniug paramete r  to be 5 mRy. In T a b l e  H I  we t a b u l a t e  the  c a l c u l a t e d  
t o t a l  energy a t  s e v e r a l  v a l u e s  of Au, and Tab l e  XI I I  p r e s e n t s  our  f i t ­
t ed  c o e f f i c i e n t s  and c a l c u l a t e d  f r e q u e n c y  t o g e t h e r  w i t h  t h e  e x p e r i m e n t a l  
v a l u e ( C h e 6 4 ) .
TABLE XI I
To t a l  ene rgy  as a f u n c t i o n  o f  a tomic d i s p l a c e m e n t .
Au(a . u ,) F-tRy)
0 . 0 -64488 .634760
0.029865 -64488.6343 96
0.05973 -64488.633223
TABLE I I I I
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F i t t e d  f r o z e n  phonon f i p m d o o  p a r ame t e r *  end phonon f r equence  u s i n g  126 
k - p o i u t *  i n  t h e  IEZ compared wi th e x p er i me n t ,
i ( f t y / U . u . )  > b < R y / ( * . o . )  ) f (THx) f  (TBz)
0 . 3 9 9  fl.43 5 . 0 8  5 ,5±0,1
In  Tab l e  T i l l  t h e  p o s i t i v e  s i g n  of  the  anhsmonic e t pa t i s l on  
c o e f f i c i e n t  i n d i c a t e s  a  phonon f r equency  enhancement  f o r  t h i a  n o d e .  The 
c a l c u l a t e d  phonon f r eq u en cy  l a  7.6% m a i l e r  t h a n  the  e r p e r i m e n t a l  r e ­
s u l t .  A s i m i l a r  r e s u l t s  1* a l t o  found i n  a e a r l i e r  c a l c u l a t i o n  f o r  the 
t ape  phonon mode In Ho by Ho e_£ g j . ( Ho f t 3 ) .  I n  t h a t  c a l c u l a t i o n  they 
found t h e  l i - p o i n t  f r o z e n  phonon f r equency  I t  v e r y  s e n s i t i v e  to t h e  num­
be r  of L - p o l n t  sampl ing i n  the  IBZ and t o  the  schemes f o r  we i gh t i ng  the 
e i g e n s t a t e *  n e a r  the  Fermi  l e v e l .  Because of the  n e s t i n g  f e a t u r e  of  the 
F e r n !  t u r f a c e (Var79,Ho83) ,  t h e i r  c a l c u l a t e d  f r o z e n  phonon f r equency  for  
Ho la about  9% s m a l l e r  t ha n  the  e z p e r l me n t a l  f r e q u e n c y .
Band s t r u c t u r e  c a l c u l a t i o n  fo r  t h i t  p a r t i c u l a r  phonon node i n d i -  
a e t e *  band s p l i t t i n g  o c c u r s  over  a l a r g e  volume of  the  B r i l l c u i n  zone 
and s i g n i f i c a n t l y  l ower s  t h e  t o t a l  energy  of  t h e  c r y s t a l  by l ower i ng  the 
energy of  t h e  occup i ed  bands  and r a i s i n g  the energy of  the unoccupied 
bands .  T h i s  a c c ou n t s  f o r  t h e  s h a r p  d i p  of  the  measured phonon f r equency  
anomaly a t  p o i n t  EI(Di*75) . The l a r g e  e r r o r  in t h e  c a l c u l a t e d  phonon f r e ­
quency i s  e z p l a i n e d  as  due t o  t h e  r e n o r m a l i z a t i o n  e f f e c t  of the  e l e c -  
t r on - ph n n o n  i n t e r a c t i o n  which i* not  i nc luded  i n  the  f r o z e n  phonon c a l ­
c u l a t i o n .  I t  has  been shown t h a t  t h i a  e f f e c t  i s  s i g n i f i c a n t  only when
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n e s t i n g  f e a t u r e s  on t h e  Fermi  s u r f a c e  a l l ow  e l e c t r o n s  w i t h i n  a few ftu^ 
of  t he  Fermi  energy t o  c o n t r i b u t e  s t r o n g l y  t o  t h e  e l e c t r o n i c  s c r e e n i n g .  
Tn t h i s  case  the  f r o i e n  phonon r e s u l t s  would t e nd  to  o v e r e a p h i l i e  t h e  
d ip  i n  t h e  phonon d i s p e r s i o n  c u r v e .
S i nce  the  band s t r u c t u r e  o f  W i s  v e r y  s i m i l a r  to  Ho and e i p o r i m e n -  
t a l i y  a s h a r p  d ip  o f  phonon f r e q u e n c y  i s  a l s o  found a t  t h e  11 p o i n t  f o r  
K C h o G l ) ,  we e i p e c t  t h e  s i m i l a r  r e s u l t s  may a l s o  occure  f o r  V. On t he  
o t h e r  hand s i n c e  W i s  h e a v i e r  t h a n  Mo t h e  r e n p r n e l  l z a t i o n  e f f e c t  s hou l d  
be s m a l l e r  f o r  W, Thi s  i n f e r e n c e  has  been  coo f i r m e d  in  o u r  c a l c u l a t i o n .
1 . 7  SPMMAHT
In t h i s  c h a p t e r  we have shown t h a t  t h e  f i r s t  p r i n c i p l e s  a l l - e l e c t r o n  t o ­
t a l  ene r gy  approach  employing t h e  g e n e r a l  p o t e n t i a l  LAPV method can a c ­
c u r a t e l y  p r e d i c t  the  ground s t a t e  p r o p e r t i e s  o f  the heavy  W m e t a l .  The 
r e m i t s  of  band s t r u c t u r e ,  and groond  s t a t e  p r o p e r t i e s  a r e  in  very good 
agreement  w i t h  e i p e r i m e n t  and o t h e r  f i r s t  p r i n c i p l e  a p p r o a c h .  Thia  w i l l  
form a s o l i d  s t a r t i n g  p o i n t  f o r  f u r t h e r  s t u d y  o f  even more  c o m p l i c a t e d  
s y s t e m  ,
Chap t e r  IV 
GOA*
4 . 1  BACKGROUND
Unl i ke  V * h i c h  h a t  a c l o s e  packed  BCC s t r u c t u r e .  GaAs h a t  t he  
z i p c - b l e n d  s t r u c t u r e  a t  i t r o  p r e s s u r e .  an D p e n - s t r u c t u x e d  sys t em,  The 
c o v a l e n t  bonds of  GaAs a r c  s t r o n g l y  o r i e n t e d  along c e r t a i n  d i r e c t i o n s  
and n o n - s p h e r l e a l  c o n t r i b u t i o n  of  t h e  p o t e n t i a l  and the  cha rge  d e n s i t y  
a re  known t o  p l ay  i m p o r t a n t  r o l e s  i n  t h i s  sys t em.  In  a d d i t i o n  t h e r e  i s  
no i n v e r s i o n  symmetry f o r  CaAa> c o n s e q u e n t l y  the  compu t a t i on  e f f o r t  i s  
more I nvo l ved  s i n c e  complex H a mi l t o n i an  m a t r i c e s  must  be used  to s o l v e  
the  e i g e n v a l u e  p r ob l e m .  C a l c u l a t i o n  of  an I n v e r s i o n  ansymmetry system i s  
one of  o u r  g e n e r a l i z a t i o n s  from the  e a r l y  v e r s i o n  of  the  f u l l  p o t e n t i a l  
LAFW s l a b  p r o g r a n ( K r a 7 S , f i n 82>.
We chose  GaAs i s  the  t e s t  sys t em s in c e  i t  has been t h e  most  w i d e l y  
used compound s emi conduc t o r  i n  t e c h n o l o g y ,  band s t r u c t u r e  c a l c u l a t i o n s  
f o r  t h i s  m a t e r i a l  a r e  w e l l  known(Wanill .Blu82)  and t h e r e  a r e  abundant  e x ­
p e r i m e n t a l  d a t a  a v a i l a b l e  f o r  compar i son(ChiBO) .
The c a l c u l a t i o n s  a r e  pe r f o r me d  s c a l a r  r c l a t i v i s t i c a l l y ( K o e 7 7 )  u s i n g  
our  g e n e r a l  p o t e n t i a l  LAPW method combined wi t h  LDA. D i f f e r e n t  c o r r e l a ­
t i o n  p o t e n t i a l s  a r e  used  t o  s ee  t h e  dependence  of t h e  c a l c u l a t e d  ground 
s t a t e  p r o p e r t i e s  on t h e  f u n c t i o n a l  f o rms .  The e l e c t r o n i c  band s t r u c t u r e  
has  a l s o  been  c a l c u l a t e d  f u l l y  r e l u t l v i s t i c a l ! y  and n o n - r e l a t i v i s t i c a l J y  
i n  o r d e r  t o  compare wi t h  o t h e r  t h e o r e t i c a l  r e s u l t s .  To ac h i ev e  s a t i f e c
-  5B -
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t o r ;  c onve r ge nce  we f i r s t  c a l c u l a t e d  e i ge n v a l u e s  * t  the T p o i n t  a t  
a f u n c t i o n  o f  t h e  c u t o f f  energy G , Hie r e m i t s  a r e  p l o t t e d  in  F i g .
3 ,
F r o *  t h i t  t e a t  we chose the c u t o f f  energy t o  be 7 . 6  fly. t y p i c a l l y  120 
b e t i t  f a n c t i o m  a r e  used and t h e  e i genva lues  a r e  converged t o  w i t h i n  1 
aiRy. The B r i l l o u i n  roue  i n t e g r a t i o n  i t  r e p l a c e d  by d i s c r e t e  aun t  us ing 
two s p e c i a l  h - p o i n t  a (cha73l  i n  t h e  IBZ for  t o i l  o f  t h e  c a l c u l a t i o n s .  J t  
h e t  been  i h o t n  t h a t  f o r  i n s u l a t o r !  end i e n l  c o n d uc t o r  * a ac t  o f  s n a i l  
number  o f  t - p o i n t s  can u s u a l l y  give  r ea sonab l y  good r e s u l t s  f o r  the 
c h a r g e  d e n s i t y  and t h e  band s t r u c t u r e .  For  t he  ground  s t i t e  p r o p e r t i e s  
we have  a l s o  used 10 t p e c i a l  k - p a i n t e ,  which show very  s t a l l  e f f e c t  on 
t h e  c a l c u l a t e d  l a t t i c e  c o n s t an t  and bulb modulus .  Th i s  i n d i c a t e s  t he  
r a p i d  c onve r ge nce  o f  k - p o i n t  sampl ing fo r  s emi conduc t o r s .  I n  t he  i n ­
t e r s t i t i a l  r e g i o n  about  1700 p l a n e  waves a r e  used t o  eapsud t h e  p o t e n ­
t i a l  and ch a r g e  d e n s i t y .  I n s i de  t h e  sphere l a t t i c e  hawonics up t o  1-8 
a r e  u s e d .  Convergence  la c o n s i d e r e d  to be a c h i e v e d  whao the d i s t a n c e  of 
t he  i n p u t  and o u t p u t  charge d e n s i t y  i t  l e s s  t ha n  Zr lO"^ e l e c t r o n s  per  
c u b i c  B o h r . At t h i s  s t age  t h e  t o t a l  energy i s  converged t o  0 . 0 1  mfty. 
The r e m a i n i n g  p a r t s  o f  t h i s  Ch ap t e r  are o r g a n i z e d  a s  fo l l ows ,  i o  S e c t i o n
2 t h e  ground s t a t e  p r o p e r t i e s  f o r  GaAs w i l l  be d i s c u s s e d  and i n  S e c t i o n
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r  if.  n f t  2 - t ' or i vo r ^ e n t e  o f  e j nv a 1 ud t  * l  T" p n j f i l  w i l h  r e s p e c t  t o  
Lfiu c u t  o f  i t n p t i i V  .
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4 . 2  gRQUHE STATE PROPERTIES
The t o t a l  e n e r g i e s  p e r  p a i r  of  atoms n  f u n c t i o n  o f  the  u n i t  c a l l  
volume a r e  c a l c u l a t e d  f o r  f i v e  d i f f e r e n t  l a t t i c e  c o n s t a n t s  nea r  the  e x -  
p e r i m e n t a l  l a t t i c e  c o n s t a n t (WcaBQ) , Both Wigner(Wig34)  *nd
Ued i n -Lundqv i a t  (HL>(Ued71) e x c h a n g e - c o r r e l a t i o n  p o t e n t i a l s  a r e  used t o  
check the  s e n s i t i v i t y  of  the  ground s t a t e  p r o p e r t i e s  t o  t h e  f u n c t i o n a l  
forms of  the  c o r r e l a t i o n  p o t e n t i a l .  The r e s u l t s  a r e  t a b u l a t e d  in Table  
X I V .
TABLE XIV
Tot a l  e n e r g i e s  as  f u n c t i o n  of  v o l u t e  f o r  GaAs,














- 8398 , 38172  
-83 96.58181 
-8398 .58041  
- 8398 . 57798
From the  c a l c u l a t e d  t o t a l  e n e r g i e s  t h e  e q u i l i b r i u m  l a t t i c e  c o n s t a n t  
and bu l k  modulus  a r e  computed.  Because of  tbe  u n c e r t a i n t y  in the  t h e o ­
r e t i c a l  e q u a t i o n  uf  H a t e s  we have t r i e d  a e v e r a l  forms  t o  f i t  t he  t o t a l  
e n e r g i e s  i> a f u n c t i o n  of  volume.  For  example t o t a l  ene r gy  as  a q u a d r a t ­
ic f u n c t i o n  of  volume,  q u a d r a t i c  f u n c t i o n  of  l a t t i c e  c o n s t a n t  and
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Murnaghan’ s e q u a t i o n  o f  s t a t e  wh i ch  assume the  b a l k  modulus i t  * l i n e a r  
f u n c t i o n  o f  p r e s s u r e  nea r  the e q u i l i b r i u m  p o s i t i o n .  AH t h e f t  f i t t i n g  
p r oc e d u r e s  have  n e g l i g i b l e  m i  e r r o r .  At i n  t he  c a l c u l a t i o n  f o r  If t he  
e q u i l i b r i u m  l a t t i c e  codst i n t  o n l y  vary w i t h i n  0.2% f o r  tbo d i f f e r e n t  
f u n c t i o n a l  f o m t  b u t  t h e  b u l k  modulus  could v e r y  a t  l a r g e  11 8%. Th i i  i t  
b e c a m e  t he  b u l k  n o d u l e s  i t  r e l a t e d  t o  the second d e r i v a t i v e  o f  the  t o ­
t a l  energy w i t h  r e s p e c t  to  vo l ume ,  Th.il nay be improved by c a l c u l a t i n g  
more p o i n t s  nea r  t h e  e q u i l i b r i u m  p e t i t i o n .  In Table  JtV we l i s t  our  c a l ­
c u l a t e d  l a t t i c e  c o n s t a n t  and b u l k  modulus by f i t t i n g  t o  the U u r na g h a u ' s  
e q ua t i o n  o f  s t a t e  t o g e t h e r  w i t h  a comparison w i t h  o t h e r  t h e o r e t i c a l  r e ­
s u l t *  and e x p e r i m e n t a l  v a l u e s .  I n  Table IV, FC d e n o t e s  the c a l c u l a t i o n  
o f  Froyen end Cohen ( F r c H )  u s i n g  a f i r s t  p r i n c i p l e  p s e u d o p o t e n t i a l  
method t o g e t h e r  w i t h  HL exchange c o r r e l a t i o n  p o t e n t i a l ,  1J 1* t h e  c a l c u ­
l a t i o n  o f  l b s  end l o a n n o p o u l o s £Ihm81) a l s o  u s i n g  a p s e u d o p o t e n t i a l  ap­
proach bu t  w i t h  Wigner  exchange c o r r e l a t i o n  p o t e n t i a l .  Both o f  t h e  p s e u ­
d o p o t e n t i a l  c a l c u l a t i o n s  a r e  c a l c u l a t e d  n o p - r e l a t i v i i t l c a l l y  . C 
i n d i c a t e s  t he  r e l a t i v i u t i c  p s e u d o p o t e n t i a l  c a l c u l a t i o n  o f  C h r i s t e n s e n ,  
and LATOL and LAPW2 a r e  the  p r e s e n t  work wi th  HL and Wigner  o r change  and 
c o r r e l a t i o n  p o t e n t i a l  r e  s p e c t i v e 11y .
From Table  XV we see t h a t  o u r  c a l c u l a t e d  r e s u l t s  ag ree  v e r y  wel l  
wi th  the p s e u d o p o t e n t i a l  r e s u l t s  and expe r i men t s .  As e x p e c t e d  t h e  r e l e -  
t i v i s t i c  e f f e c t s  do not  i n f l u e n c e  the ground s t a t e  p r o p e r t i e s  s i g n i f i ­
c a n t l y .  The c o r r e l a t i o n  p o t e n t i a l  of  HL seems to  g i ve  a s m a l l e r  l a t t i c e  
c o n s t a n t  compared to  Wi g n p r ' t  f u n c t i o n a l  form.  The c a l c u l a t e d  p r e s s u r e  
d e r i v a t i v e  o f  the b u l k  modulus o f  5.58 in LAFW2 a g r e e s  r e a s o n a b l y  wi t h  
e x pe r i me n t a l  da t a  4 . 4 5 t G a r 6 2 ) .
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TABLI1 XV
Comparison of  c a l c u l a t e d  l a t t i c e  c o n s t a n t  and b a l k  modulus  wi t h  o t h e r  
t h e o r e t i c a l  r e s u l t s  and  exper i ment  f o r  GsAs,
FC 1J C LAPW1 LAPW2 exp
■ (I) 3.370 5,617 5.650 5.6BO 5.742 5.653
B U b a r )  725 BIO 720 721 760 754(AT)U)
789( OK)(b)
(a )  Ref .  ( B i t 59)
(b> fief-  (Gar62)
4.3  BAND SmJCTPBE
GsAs l a  the  p r o t o t i p l c a l  111-V compound s emi conduc t o r  f o r  t h e o r e t i ­
ca l  and e x pe r i me n t a l  i n v e s t  l g a t i o n s . The e l e c t r o n i c  band s t r u c t u r e  o f  
GtAs has  been  measured and computed many t i n e a  be c a n t e  of  i t *  Impor t ance  
in t e c h n o l o g y ,  but  only  r e c e n t l y  have a e l f - c o n a i a  t e n t  f i r s t  p r i n c i p l e *  
c a l c u l a t i o n s ( WanSl } and a c c u r a t e  a n g l e - r e s o l v e d  pho t o e ml a a i o n  s p e c t r o s ­
copy (AJtPES) meaiurement  a become a v a i l  ab l e  (Chi BO) . In  t h i *  work the 
band s t r u c t u r e  of CaAs i s  c a l c u l a t e d  both  u o n - r e l a t i v i a t i u a l l y  (NR) and 
s c a l a r  r e l a t i v i t t l o a l l y  (SRI u s i n g  the T i gn e r  i n t e r p o l a t i o n  f o r n u -  
l a (Vig34)  and compared wi t h  r e c e n t  t h e o r e t i c a l  r e s u l t s  and e x pe r i me n t .  
The r e s u l t i n g  band s t r u c t u r e  i s  p l o t t e d  in P i g ,  4.  Hie s o l i d  l i n e s  a r e  
f o r  the  SA c a l c u l a t i o n  and the  das hed  l i n e s  a r e  f o r  the  NR c a l c u l a t i o n .  
The band e i g e n v a l u e s  a t  tome symmetry p o i n t s  a r e  t a b u l a t e d  In  Table  XVI. 
t o g e t h e r  w i t h  a compar i son wi t h  o t h e r  t h e o r e t i c a l  r e s u l t s  and expe r i men­
t a l  v a l u e s .  In  Table  XVI VE d e n o t e s  c a l c u l a t i o n  of  Hang and Elein{Wan81) 
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l o m p ar i i o n  o f  e i g e n v a l u e *  a t  ayaiae t r  i c  p o i n t *  f o r  GaAi .  A l l  e n a r t l e *  a r e  
i n  oV, r e f e r e n c e d  t o  t h e  top o f  the v a l e n c e  band.
” wk"  FC LAF¥{NR> ~LAP*(5Rj i * p
r , T -- 12 . 33 - 12 . 33 - 1 2 . 4 5 - 1 2 . 8 0 - 13  .1
^  15v 0 , 0 0 . 0 0 . 0 0 . 0 0 . 0
r  1C 1.21 1 .10 0 . 91 0 . 26 1 . 6 3
^  l i e 3 . 78 3 .61 3 ,61
Ajv - 9 . 7  9 - 9 . 8 8 - 9 . 9 4 - 1 0 . 3 7 - 1 0 . 7 5
*3v -6 . 60 - 6 . 6 2 -6 .74 -6 ,94 -6  . 70
*5v - 2 , 6 4 - 2 . 6 1 - 2  . 69 - 2  . 69 -2  ,80
Xl e 1 .61 1 ,31 1 . 3 0 1 . 24 2 . 1 8
*3c 1 . 8 8 1.57 1 . 48
Llv  ‘ 10.36 - 1 0 . 6 4 - 1 0 , 7 1 -11 ,11 -11  .24
Ll v -6 .49 - 6 , 4 6 - 6 . 5 9 - 6 , 7 4 - 6  . 70
L3v - 1 . 1 2 -1 .11 - 1 , 1 0 -1 .11 -1  , 30
Ll c 1.17 1 .30 1 . 1 2 0 , 789 1 .85
L3c 5 . 13 4.51 4 . 3 4
Lika a l l  t h e  1J I -V conponnd s e n i c o n d u c t o r  a , t h e  low t u t  v a l e n c e  band 
of  GaAs shown lo  F i g .  4 i t  p r i m a r i l y  a - l i k e  and t h e  upper  baod t  a r e  p- 
l i k e .  The v a l e n c e  hand gap be t ween the  lower  and u p p e r  t p  v a l a n c e  band 
i s  r e l a t e d  t o  t h e  l n v e r a i o n  a t y u me t r y  o f  GaAs and t h e  e l e c t r o n e g a t i v i t y  
d i f f e r e n c e  be t ween  the  c a t i o n  Ga atom and t he  a n i o n  As atota.  As c an  be
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seen f r o r  Tab l e  XVI our  c a l c u l a t e d  n o n - r e l a t i v i s t  l c  e i g e n v a l u e s  a r e  in  
very good ag r ee men t  w i t h  o t h e r  n o n - r e l a t i v i s t i c  baud s t r u c t u r e  c a l c u l a ­
t i o n s  d e s p i t e  t h e  f a c t  t h a t  we used d i f f e r e n t  approac hes  and f u n c t i o n a l  
forms of  c o r r e l a t i o n  p o t e n t i a l .  For  t h e  va l en c e  bends  the  d i f f e r e n c e s  
a r e  l e a s  t ha n  0 , 2  eV and our  r e s u l t s  a r e  s y s t e m a t i c a l l y  lower  t ha n  t h o s e  
o b t a i n e d  by WK and FC, We b e l i e v e  t h i s  1s because  we have l e t  the  Ga 3d 
c o r e  s t a t e s ,  which a r e  only  abou t  2 eV below the  l owes t  sp v a l e n c e  band,  
f u l l y  r e l a x .  By c o n t r a s t ,  t h e  p s e u d o p o t e n t i a l  and LOGO methods have used 
the  ' f r o z e n - c o r e '  a p p r o x i m a t i o n  which i s  known t o  g i v e  a s l i g h t l y  i n a c ­
c u r a t e  d e s c r i p t i o n  of  the  b o n d i n g  p r o c e s s ( B a c 8 5 ) .
For  GaAs the  fundamenta l  band gap i s  a d i r e c t  one be t ween t he  
T and r  s t a t e s ,  which a g r e e s  w i t h  the  e x p e r i men t ( Ch l BO) , 
bu t  l i k e  a l l  t h e  o t h e r  f i r s t - p r i n a l p l e s  band s t r u c t u r e  c a l c u l a t i o n s  u s ­
ing t h e  LPA(KohtJ)  t h e  band gap i s  s m a l l e r  t ha n  the  o p t i c a l  m e a i a r m e n t * . 
N o n - r e l a t i v i s t i c  c a l c u l a t i o n s  t y p i c a l l y  o b t a i n  a bend gap of  0 , 9 - 1 . 2  
ev(WanSl ,Frof l3> compared w i t h  the  e x p e r i m e n t a l  va l ue  of  1 . 6 3 ( C h i 8 0 ) .  
However we found t h a t  t h e s e  n o n - r e l a t i v i s t i c  c a l c u l a t i o n s  have u n d e r e s ­
t i m a t e d  the  s e v e r i t y  of  the  e r r o r  i n t r o d u c e d  by the  LDA. As de mo n s t r a t e d  
i n  our  s c a l a r  r e l n t i v l a t l c  c a l c u l a t i o n  t h e  band gap a t  t h e  F  p o i n t  
i s  r educe d  from 0 , 9 1  of  the  n o n - r c l a t i v i a t i o  r e s u l t s  t o  0 , 26  eV a f t e r  
i n c l u d i n g  t h e  mass  v e l o c i t y  and Darwin e f f e c t s ,  i n c l u d i n g  t h e  s p i o - o r b i t  
r o u p l i n g  w i l l  f a r t h e r  r educe  the  band gap t o  only 0 . 1 5  eV, Thi s  l a r g e  
r e d u c t i o n  of  the  band gap due t o  t h e  s c a l a r  r e l a t i v l s t l c  e f f e c t s  i s  n o t  
unexpec t ed  s i n c e  t h e  top  of  t h e  v a l e n c e  bands are  a l mos t  pore  p - t y p e  
bonding  s t a t e s  and t h e  bo t t om of  the  c o nd uc t i on  b i n d s  a r e  mainly  s - t y p e  
a n t i  bonding s t a t e s .  The s c a l a r  r e l a t i v i s t i c  e f f e c t s  f o r  t h e  s - t y p e  a n t i -
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b o n d i n i  s t a t e s  a r e  much l a r g e r  than f o r  the p - t y p e  bonding a t e  t e a  b e ­
c a u s e  o f  t he  o r  t hogona l  i a a t i o t i  t o  the i n n e r  moat l a  s t a t e s  and d i f f e r e n t  
c h a r g e  d i s t r i b u t i o n  o f  the bonding and a n t i b on d i n g  c h a r a c t e r  o f  t h e s e  
s t a t e s .  The downward a b i f t a  o f  the l a  a t a t e a  t e n d  t o  p u l l  a l l  t he  h i g h '  
o r  a s t a t e s  down,  the a n t i b o n d i n g  s t a t e s  have a l a r g e  charge d e n s i t y  
□ea r  t he  n u c l e u s ,  c o n s e q u e n t l y  a l a r g e  r e l a t i v i s t i c  e f f e c t s .  S ince  
a t a t e t  w i t h  d i f f e r e n t  1 v e c t o r  have d i f f e r e n t  i  c h a r a c t e r  and ch a r g e  
d i s t r i b u t i o n  t h e  s c a l a r  r e l a t l v l s t l c  e f f e c t s  a re  not  t h e  sane f o r  a l l  
t h e  s t a t e s ,  t h i s  can been  s e e n  c l e a r l y  in  F i g ,  4 and Table IVJ .  The 
l a r g e s t  s h i f t  o c c u r e s  a t  t h e  P s t a t e  but  t h e  l l c  e t e t e a  a r e  a l ­
mos t  u n a f f e c t e d .  Thi s  neana t h e  d i s p e r s i o n  of  the  bands  are  s e n s i t i v e  t o  
t h e  r e l a t i v i s t i c  approach  and so i t  a f f e c t  the c a l c u l a t e d  band m a ss e s .
The o v e r a l l  agreement  between the  s c a l a r  r e l a t i v i s t i c  r e s u l t s  and 
t h e  AKFF-S g i p e r l s i e n t  (Chl7 S>) f o r  the v a l e n c e  bands  a r e  a c o n s i d e r a b l e  im­
p r ov e me n t  o v e r  t he  non— r a l e  t l v l s t i c  r e s u l t s .  The l a r g e s t  d i s c r e p a n c y  
o c c u r  a t  t h e  l o c a l i z e d  Aa a band (by 0 , 1 - 0 . 4  eV) . Al though t h i s  e r r o r  i a  
n o t  v e r y  l a r g e  i t  i n d i c a t e s  t h a t  a c o r r e c t i o n  term i a  needed in  compar­
i n g  t h e  o n e - e l e c t r o o  e i g e n v a l u e s  wi th  t he  p ho t o e m l s s l o n  e x p e r i m e n t .  
T h i s  I s  due t o  t h e  f a c t  t h a t  pho toemisa i cn  expe r i men t  i s  not  a d i r e c t  
m e a s u r e  of  g r o u n d  s t a t e  band  e n e r g i e s ,  but  r a t h e r  a measure o f  t o t a l  en­
e rgy  d i f f e r e n c e  between an i n i t i a l  N - e l e c t r o n  system and an 
( N - i ) - e l e c t r o n  sys t em.  Tho d i r e c t  compar i son n e g l e c t s  r e l a x a t i o n  e f f e c t s  
a r o u n d  t he  h o l e  and o t h e r  many body e f f e c t s ,  i t  i s  e xpe c t e d  t b a t  t he  
more  tho  s t a t e s  a r e  l o c a l i z e d  the l a r g e r  i s  t h i s  many body e f f e c t s .  
A t o n i c  c a l c u l a t i o n  fo r  As 4s s t a t e s ( V a n B l 1 show t h a t  t h e s e  many body e f ­
f e c t s  w i l l  l ower  the  4s e i g e n v a l u e  by 0.  B eV, s i nce  in  s o l i d  t he  bauds
(8
■re broadened due to o ve r l a p p i n g  and h y b r i d i z a t i o n  t h i *  c o r r e c t i o n  
shou l d  be s m a l l e r .  Taking t h i *  i n t o  accoun t  T i l l  r e m i t  i n  ■ b e t t e r  
agreement  be tween tbe t h e o r y  and expe r i men t .
The a p i n - o r b i t  ( p u t t i n g  i* a n o t he r  e f f e c t  which w i l l  modi fy  the 
b i nd  a t rnc ture (Chr&4)  * For  GaAi the  a p i n - o r b i t  s p l i t t i n g  i a  s i z a b l e  
compared wi t h  i t i  energy gap.  We have per formed a t e l f - e o u c i a t e n t  b i nd  
s t r u c t u r e  c a l c u l a t i o n  which i nc lude*  a l l  t he  r e l a t i v i s t i c  e f f e c t s .  The 
r e a u l t i  f o r  aone high symmetry p o i n t s  a r e  l i l t e d  i n  Tab l e ,  XVII .  Again 
ou r  r e m i t  a f o r  the v a l en c e  a t a t e t  a r e  i n  very  good agreement  wi t h  
a v a i l a b l e  exper iment  dats(ChiEO) and o t h e r  t h e o r e t i c a l  ippTonches{Bacfl5 
and r e f e r e n c e  t h e r e i n ) .  The a p i n - o r b i t  s p l i t t i n g  a t  the  t o p  of  the  va­
l ence  band (A,*) ia 0 .34  eV. in agreement  wi t h  expe r i me n t .  I n  ou r  
c a l c u l a t i o n  t h e  a p i n - o r b i t  s p l i t t i n g  l a  s l i g h t l y  s ma l l e r  t h a n  CC{Che76) 
and C(ChrS4) , one of the  r ea s ons  may be t h a t  we used s m a l l e r  HT s phe r e s  
i n  t h i s  c a l c u l a t i o n  {2.18 a . n .  for  both a t oms) ,  and the  a p i n - o r b i t  ope r ­
a t i o n  l a  per formed only i n s i d e  the NT s p h e r e s .
Al though LDA s e v e r ly  u n d e r e s t i ma t e s  t h e  band gaps ,  the  r e l a t i v e  e r ­
r o r  of  band s t r u c t u r e  f o r  e i t h e r  c onduc t i on  bands or  v a l e n c e  bands a r e  
s m a l l e r .  F dt GaAi we f i n d  the  L j c s t a t e  i s  lower  t ha n  the  X^c s t a t e ,  in 
t b e  n o n - r c l a t i v i i t i c  c a l c u l a t i o n  the  d i f f e r e n c e  of  energy l e v e l  La 0 , 1 8  
eV, s c a l e r  r e l a t i v i s t i c  c a l c u l a t i o n  g i ve  a r e s u l t s  of  0 . 43  eV, ag r e e i ng  
f a i r l y  we l l  w i t h  exper i men t ,  0.33 eVlCbiBO) . The a p i n - o r b i t  i n t e r a c t i o n  
has  n e g l i g i b l e  e f f e c t  on t b i a  energy d i f f e r e n c e .
Another  a p p l i c a t i o n  of  t h i s  method I s  the  d e t e r m i n a t i o n  of  the 
p r e s s u r e  c o e f f i c i e n t s  of  t h e  band gaps even though t h i s  i s  n o t  a ground 
s t a t e  p r o p e r t y .  Our c a l c u l a t e d  l i n e a r  p r e s s u r e  c o e f f i o e n t a  of  the  d l -
TABLE XVII
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FulJy r e l a t i v i c t i c  e i g e n v i l a e t  of  GiAa i t  tgmc l y i m e t r y  p o i n t s ,  
i r e  i n  sV and r e f e r e n c e d  t o  the  top  o f  v a l en c e  bend.
cc C LAP! e i p
-12 .55 - 1 2 , 8 5 - 1 2 , 9 1
TV - 0 , 3 5 - 0 . 3 6 - 0 , 3 4 - 0 , 3 4
>Y 0 ,0 0 0 .00 0 .0 0 0 .0 0
fY 1,51 0.25 0 . 15 1 .49
r c1 7 4,55 3 .61 3 ,38
r c 1 & 4 . 71 3 .81 3.56
X v A6
m0Q1 - 1 0 . 4 9 - 1 0 , 4 9
V -6 .48 -7 .06 -7  .05
*«T - 2 , 9 9 -2 .90 - 2 , 8 7
1  v - 2 . 8 9 - 2 , 8 3 -2  .79
X c 6 2,03 1 , 05 1,13
X c 7 2 . 38 1 . 28 1 .36
L v 6 - 1 0 . 6 0 - 1 1 . 2 0 - 1 1 . 2 3
>l-l - 6 . 8 3 - 6 . 9 4 - 6 . 8 6
V -1 .42 - 1 , 3 9 - 1 . 3 7
L4 , 3 V - 1 . 2 0 - 1 , 1 8 - 1 , 1 6
L6 C 1.82 0.67 0.67
1 , 95
E n e r g i e s
r e c t  and i n d i r e c t  gap* r e l a t i v e  t o  t h e  top of  t h e  v a l en c e  band i t  t one 
h igh symmetry po i n t *  a r e  l i s t e d  in T a b l e  XVIII ,  In  t h i s  c a l c u l a t i o n
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TABLE 1 V I I I
compar i son  o f  c a l c u l a t e d  and m a n u r e d  va l ues  o f  dE /dP  a t  h i  f t  l y n t t r y
p o i n t s .  The u n i t  i t  eV/Mbar.
CFC(e) C(b) LAP! EIP
[ \ „  10.6 12.02 9.79 1 2 . 6 ( d )
8 . 5 ( c )
1 1 . 3 ( c )
I ,  - 2 . 2  - 2 . 2 5  - 2 . 3 4  - 2 . 7 ( c )
- 1  - 8 { c >
L1(, 4.3 4 , 49  3.37 3 . 5 ( c )
( a )  Hof .  (ChaB4) (d) Hof.  {¥*175)
(b)  R e f .  {ChrB4) (e)  R*f .  {Kob81)
( c )  H e f , (L*n79>
we note  t h a t  t h e  b i n d  gap change* l i n e a r l y  w i t h  the v a r i a t i o n  o f  tbe 
l a t t i c e  c o n s t a n t .  Tbe r e a s o n a b l e  agreement  o f  the  c a l c u l a t e d  va l ue*  
w i t h  expe r i men t  in  Table XYJI1 i n d i c a t e !  t h a t ,  (1) I t  i i  p o s s i b l e  to  m e  
LDA to  c a l c u l a t e  c e r t a i n  e x c i t a t i o n  q u a n t i t i e s .  T b i t  f a c t  wi l l  be f u r ­
t h e r  d i i c u a s e d  i n  Chapter  V(¥e i &6b) . (2) A t t u n i n g  t h a t  a l a r g e  p o r t i o n
o f  the  e r r o r  i a  t h e  c a l c u l a t i o n  of  conduc t i on  bands  in  t h e  t h e o r e t i c a l  
d e n s i t y  f u n c t i o n a l  approach i t  the n e g l e c t e d  d i s c o n t i n u i t y  of  p o t e n t i a l  
a c r o s s  t he  b i n d  edge ( S h a BS . P* r 8 3 ) . then t h i s  d i s c o n t i n u i t y  I s  c l o s e  to  
b e i n g  a c o n s t a n t  n e a r  t h e  e q u i l i b r i u m .  F i n a l l y  the  p o s i t i v e  s i g n  for  
t h e  P j c s t a t e  and the n e g t l v e  s ign f o r  I JC s t a t e  i n d i c a t e  t h a t  
t h e  d i r e c t  gap o f  GsAs a t  normal  p r e s s u r e  wi l l  change to  an I n d i r e c t  on* 
when p r e s s u r e  I n c r e a s e s  and t he  z i n c - b l e n d e  phase  would be m e t a l l i c  a t  
h i g h  p r e s s u r e ( F r o 8 3 ) .
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1b somiiary we have used  tbe  f i r s t - p r i n c i p l e s  g en e r a l  p o t e n t i a l  
LAFV method t o  c a l c u l a t e  t h e  e l e c t r o n i c  bend s t r u c t u r e ,  ground s t a t e  
p r o p e r t i e s  end p r e s t o r e  c o e f f l c l e n t i  o f  GaAs. These r e s u l t s  e r e  i n  gen­
e r a l l y  good agreement  wi th o t h e r  t h e o r e t i c a l  app r oa c he s  and e x p e r l m e n t a l  
d a t a .  The r e t e t i v i s t i c  e f f e c t s  e re  found t o  g r e a t l y  r educe  tbe  c a l c u ­
l a t e d  d i r e c t  bead gap.  Tho p r e d i c t e d  bend gap i s  o n l y  about  1 / 10  of  the 
measured o p t i c a l  bend gap.  Th i s  p u t s  a g r e a t e r  bu r den  on t h e o r i e s  which 
s e e l  c o r r e c t i o n s  t o  tbe  d e n s i t y  f u n c t i o n a l  s i n g l e  p a r t i c l e  e s t i m a t e *  of  
the  e x c i t a t i o n  spect rum.  D e s p i t e  t h e  f a i l u r e  i n  o b t a i n i n g  e x c i t a t i o n  
s p e c t r a  the  c a l c u l a t e d  ground s t a t e  p r o p e r t i e s  a r e  in very good a g r e e ­
ment w i t h  expe r i me n t .  Thi s  i s  do s u r p r i s e  s i n c e  t h e  d e n s i t y  f u n c t i o n a l  
t h e o r y  i s  b u i l t  f o r  t hese  q u a n t i t i e s .  We have a l s o  s u c c e s s f u l l y  c a l c u ­
l a t e d  the  p r e s s u r e  c o e f f i c i e n t s  o f  the  band gaps f o r  GaAs a l t h o u g h  
t h e se  e re  hot  ground s t a t e  p r o p e r t i e s .  We b e l i e v e  s i m i l a r  r e s u l t *  cou l d  
be o b t a i n e d  f o r  o t h e r  i n s u l a t o r s  and s e m i c o n d u c t o r s .
Chapt e r  V 
B CHALCOGENIDES
5 .1  BAOKAOTHP
A* men t ioned  i n  Chapte r  1 h i gh  p r e s s u r e  s t u d i e s  have a t t r a c t e d  a 
g r e a t  d e a l  of a t t e n t i o n  r e c e n t l y  because  diamond anvl J  p r e s s u r e  c e l l *  
p e r m i t  p r e c i s e  o p t i c a l  and s t r u c t u r a l  s t u d i e s  of  p r e s s u r e  indoced phe­
nomena.  Among t h e s e  s t u d i e s  t h e  p r e s s u r e  Induced s t r u c t u r a l  and e l e c ­
t r o n i c  phase  t r a n s i t i o n  and m e t a l l i x a t i o n  o f  c l o s e d - s b e l l  compounds and 
r e a r - e a r t h  compounds a r e  of  g r e a t  c u r r e n t  i n t e r e s t ( G r x 8 3 .GrzR4,Bop84) - 
In  a r e c a n t  Phya,  f i ev . L e t t e r .  Gr iybowski  and Ruof f (Gr i 84)  r e p o r t e d  t he  
me ta l  1 i z a t i o u  o f  BaTe , which i a  t h e  f i r s t  c a s e  of m e t a l l i z a t i o n  i n  a 
c l o s e d - s h e l l  sys t em f or  which t h e  p r e s s u r e  and  volume a t  m e t a l l i r s t i o n  
were a c c u r a t e l y  measured .  At 48 t b a r .  p r i o r  to m e t a l l i z a t i o n ,  BaTe 
f i r s t  unde r goes  i  f i r s t - o r d e r  phase  t r a n s i t i o n  from the  sodium c h l o r i de  
(Bl) s t r u c t u r e  t o  t b e  cesium c h l o r i d e  (B2) s t n o t n r e  w h i l e  m e t a l l i z a t i o n  
occur *  i n  the  ces ium c h l o r i d e  s t r u c t u r e  a t  200 k b t r ( G r z B 4 ) „ Several  r e ­
s u l t *  f o r  r a r e - e a r t h  compounds have a l so  b e e n  r e p o r t e d ( B o p 8 4 , Ch*72) . 
C a l c u l a t i o n s  f o r  r a r e - e a r t h  compound* are  c o m p l i c a t e d ,  however ,  by the 
l o c a l i s e d  4f o r b i t a l *  of the  r a r e - e a r t h  atom*,
Ve have pe r f o r me d  l o c a l  d e n s i t y  f u n c t i o n a l  t o t a l  energy  c a l c u l a ­
t i o n s  f o r  both t h e  s t r u c t u r a l  and me ta l  1i z a t i o n  t r a n s i t i o n *  of  BaSe and 
BaTe. Th i s  i t  t he  f i r s t  such c a l c u l a t i o n  which i s  l a  good agreement  wi t h  
t he  r e c e n t  e x p e r i m e n t a l  r e s u l t *  f o r  BaTe and which con f i r m the  band-ov-
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e r l  up mechenism{Roa81} in  t h a a e  c l o s e d  s h e l l  s y s t e m s ,  In a d d i t i o n ,  we 
r e p o r t  t h e o r e t i c a l  p r e d i c t i o n s  f o r  t h e  r e l a t e d  BaSe compound, These 
c a l c u l a t i o n s  r e p r e s e n t  t h e  f i r s t  c o n v i n c i n g  d e m o n s t r a t i o n  of  t he  a b i l i t y  
of  t b e  l o c a l - d o n i i t y - f n n c t i o n a l  a p p r o x i m a t i o n  t o  a c c u r a t e l y  p r e d i c t  
b a nd - ove r  l a p  m e t a l l i z a t i o n  f o r  t h e  c l o s e d  s h e l l  sys t em and i t  *111 a l s o  
p r ov i d e  a u s e f u l  check t o  s i n g l e  ou t  t h e  e f f e c t s  o f  4 f  o r b i t a l s  i n  fu ­
t u r e  c a l c u l a t i o n s .
M e t a l l i z a t i o n  i t  o f t e n  d e s c r i b e d (RosBl ) in  t e r n s  o f  the s i n g l e - p a r ­
t i c l e  b a n d - s t a t e s  as t h e  o v e r l a p  o f  t h e  f i l l e d  v a l e n c e  band and  the  
unoccup i ed  c o n d u c t i o n  b a nd .  The band gape i n  t h e s e  c l o s e d - s h e l l  i n s u l a t ­
ing m a t e r i a l s  a r e  e xpe c t e d  t o  d e c r e a s e  as t h e  p r e s s u r e  I n c r e a s e s ,  u n t i l  
f i n a l l y  the empty d - t y pe  c o n d u c t i o n  band d r ops  i n  e n e r gy  below t h e  top 
of  t h e  T i l l e d  p—type v a l a n c e  b a n d s .  Among t h e s e  sys t em BaTe and BaSe 
a re  c u r r e n t l y  unde r  e x t e n s i v e  e x p e r i m e n t a l  s tudy  (Grz83 ,{3ra84) , s i n ce  
t hey a r e  e x p e c t e d  to  have t h e  l o w e s t  band o v e r l a p  p r e s s u r e s  doe t o  t h e i r  
u a l l e r  bu lk  modu l i  and band g a p e{ Ai d 8 4 l .  I t  i a  w e l l  known, however ,  
t h a t  f o r  many i n s u l a t o r s  and s e mi c o n d u c t o r s  t he  l o c a l - d e m i  t y  f u n c t i o n a l  
a p p r o i i m a t 1 on{Kohd3) s e r i o u s l y  u n d e r e s t i m a t e s  t he  x e r o - p r e a s u r e  band 
gaps(Per83,Wanfl3)  , L o c e l - d e o s i  ty  f u n c t i o n a l  p r e d i c t i o n s  of  t b e  l t i s o l a -  
t o r - m e t a l  t r a n s i t i o n  (IXT) t h u s  a p p e a r  t o  be open t o  q u e s t i o n .  On t he  
o t h e r  hand,  t h e  e r r o r  in  t h e  l o c a l - d e n s i t y  band gap  i*  e x p e c t e d  t o  de-  
u r e a s e  aa t h e  e x p e r i m e n t a l  b a nd  gap d e c r e a s e s ,  e v e n t u a l l y  v a n i s h i n g  a t  
t he  lMTiPer8 3 , W*n83) . Thus ,  f a i r l y  a c c u r a t e  e s t i m a t e s  o f  the IMT p r e s ­
su re  and volume might  s t i l l  be p o s s i b l e  w i t h i n  t h e  l o c a l  d e n s i t y  f unc ­
t i o n a l  a p p r o x i m a t i o n  even though  t h e  z e r o  p r e s s u r e  band gaps a r e  i n c o r ­
r e c t .  An e a r l i e r  c a l c u l a t i o n ,  however ,  us ing  t h e  augmented s p h e r i c a l
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nave (ASK) me thod(C*rB4)  p r e d i c t e d  BaTe m e t a l l i z a t i o n  a t  a each  La r ge r  
• p a c i f i c  volume and much l o v e r  p r e s s u r e  t han  o b s e r ve d .  The c a l c u l a t e d  
e q u i l i b r i a * )  v o l u n e ( C a r £ 4 )  v i a  a l t o  ouch s ma l l e r  than e x p e r i m e n t a l  a n t .  
f t  i a  n o t  c l e a r  wh e t h e r  t h e  f a i l u r e  i n  t h e t e  p r e d i c t i o n s  i a  ma i n l y  dne 
t o  the  l o c a l  d e n s i t y  f u n c t i o n a l  a p p r o x i n a t i o n  or  whe ther  i t  i t  due t o  
o t h e r  n p p r o x i m a t i o n s  ( s p h e r i c a l  ahape a p p r ox i ma t i on*  in t h e  p o t e n t i a l ,  
t h e  n e g l e c t  of  r e l a t i v i s t i c  e f f e c t s  e t c . ) .
To i n v e s t i g a t e  t h l a  q u e s t i o n ,  we have used ou r  s e l f - c o o s i s t e n t  LAPK 
method which i t  e s s e n t i a l l y  f r e e  f rom any a p p r ox i m a t i on s  e x c e p t  t h e  LDA. 
Th i s  i s  n e c e s s a r y  s in ce  any u n j u s t i f i e d  gd hoc a p p r o x i m a t i o n  nay o bs c u r e  
t h e  e f f e c t  of  t h e  LDA.
The a c c u r a c y  of  t h i s  method baa  been d em o n s t r a t e d  i n  p r e v i o u s  c a l ­
c u l a t i o n s  f o r  heavy d - band  meta l  V and s emi co n d u c t o r  GaAt t o  compute 
s t r u c t u r a l  and v i b r a t i o n a l  p r o p e r t i e s .  In  t h i s  c a l c u l a t i o n  t h e  band 
s t a t e s  a r e  computed s c u i a r - r e l a t i v l s t i c u i l y  ( w i t h o u t  i p i n - o r b i t  
c o u p l i n g ) .  The co r e  e l e c t r o n s  a r e  t r e a t e d  f u l l y  r e l a t i v i s t i u a l l y  u s i n g  
an a t o m l i k e  c a l c u l a t i o n  which employs only the  s p h e r i c a l  p a r t  of  the  po ­
t e n t i a l .  There  i s  a s l i g h t  o v e r l a p  of  the  Bu 5p core  s t a t e s  between 
n e i g h b o u r i n g  a toms,  and t h o s e  o v e r l a p p i n g  s p h e r i c a l  a t o m i c l i k e  cha rge  
d e n s i t i e s  a r e  t r e a t e d  e x a c t l y  i n  both  i n t e r s t i t i a l  and m u f f i n - t i n  r e ­
g i o n s  u s i n g  tho  scheme d i s c r i b e d  i n  App. C, The B e d i n - L u n d q v i s t ( D e d 7 l > 
exchange c o r r e l a t i o n  f u n c t i o n a l  i s  u s e d .  A h i g h l y  converged b a s i s  s e t  of  
about  200 LAPYs i s  u s ed ,  e x t r a p o l a t i o n  of  the  t o t a l  ene rgy  t o  i n f i n i t e  
b a s i s  s i r e  ( (Jmrf!6) y i e l d s  a d e c r e a s e  of  l e a s  t h e n  2 siRy in t h e  t o t a l  en­
e r g y .  I n s i d e  t h e  m u f f i n —t i n  s p h e r e s ,  t he  LAPtte a r e  expanded up t o  1 - 8 ,  
and the  maximum i - v a l n o  used  t o  c o n s t r u c t  the  l a t t i c e  h a r mo n i c s  i s  t he
75
i t n «  . The Er i l l o t t l o .  l o n e  summation f o r  t b e  charge d e n s i t y  a re  p e r f o r me d  
u s i n g  a d i s c r e t e  k - p o i n t  summation.  Ten s p e d a l ( C h a 7 3 )  k - p o i c t s  I n  the 
fl l  i t r a c t u r f  i r r e d u c i b l e  B r i l l o u i u  zone and twenty s p e c i a l  k - p o i n t s  f o r  
t h e  B£ s t r u c t u r e  a r e  chos en .  We Find t h i *  1* s u f f i c i e n t ,  a c a l c u l a t i o n  
u s i n g  60 a p e c i a l  k - p o i n t  a For t h e  Ell s t r u c t u r e  of  BaTe change a t h e  t o t a l  
e n e r gy  by l e e a  than 1 »Ry,  which r e s u l t  a in  changes o f  l e a s  than 2% in  
t h e  b u l k  modulus  and a b o u t  0.2% in  the  p r e d i c t e d  e q u i l i b r i u m  volume.
5 . 2  GROUND STATES PROPERTIES
The c a l c u l a t i o n s  a r e  based on d e t e r m i n a t i o n  of  t h e  t o t a l  e n e r gy  as 
a f u n c t i o n  o f  volume and s t r u c t u r e .  To t a l  e n e r g i e s  a r e  o b t a in ed  f o r  
volumes  r a n g e  from 6(1% t o  100% o f  the  expe r i men t a l  e q u i l i b r i u m  volume.  
The c a l c u l a t e d  t o t a l  ene rgy  and Bibbs f r e e  energy f o r  BaTe and BaSe a r e  
p l o t t e d  i n  F i g .  J  and i n  F ig .  6 .
I t  i a  found t h a t  t h e  NaCl s t r u c t u r e  i s  s t a b l e  a t  ambient  p r e s s u r e
f o r  b o t h  BaSe and BaTe.  The d i f f e r e n c e  i n  the c o hes i ve  energy  be t ween  
t h e  NaCl and CsCl phas e  a t  zero  p r e s s u r e  1* 23 mRy (15 mRy) f o r  BaSe 
( Ba Te ) .  The c a l c u l a t e d  t o t a l  e n e r g i e s  a r c  f i t t e d  t o  Hurnaghan ' a  e q u a ­
t i o n  o f  s t a t e ( M u r 4 4 ) , and the i d s  e r r o r  i n  t he se  f i t s  l a  l e a s  t h a n  0 . 1  
mRy. The c a l c u l a t e d  e q u a t i o n s  o f  s t a t e  a t  z e r o  t e m p e r a t u r e  f o r  BaSe and 
BaTe a r e  p l o t t e d  in  F i g .  7. where V, i s  t h e  t h e o r e t i c a l l y  p r e d i c t e d  
e q u i  I i b r  1 urn volume a t  ze r o  p r e s s u r e ,  the f u l l  c i r c l e s  a r e  the c a l c u l a ­
t i o n s  In t h e  B1 s t r u c t u r e  and t h e  c i r c l e t  a r e  the c a l c u l a t i o n s  In t h e  B2 
p h a s e ,  t h e  v e r t i c a l  l i n e *  i n d i c a t e  the E1-B2 phase t r a n s i t i o n .
Three  q u a n t i t i e s  o b t a in e d  In the f i t  a r e  the e q u i l i b r i u m  volume
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F i g u r e  4: C a l c u l a t e d  t o t a l  energy of BaSe In the  Bl and B2 phase t -  Tho
dnElied ccnuoun t a ngen t  l i n e  I n d i c a t e s  the  H1-D2 t r a n s i t i o n .
The i n s e t  shows the  Glbb ' a  f r e e  energy in the r e g i o n  of  the
phase t r n n s i t l o u .
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f i g u r e  5; C a l c u l a t e d  t o t * ]  energy  of  Efcle In t h e  Ell and 02 ph t  t e i ,  ITib
da shad common t a n ge n t  l i n e  i n d i c a t e s  t h e  B1-U2 t r a n s i t i o n ,
rhe i n s e t  thnwt  the  f j i h b ' s  f r e e  energy in the  r e g i o n  of  the
phitse t r a n s i t i o n .
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ti l l  c u l t  l ed e quat i ons  o f  Mtnte f o r  BbSe end FJaTe t t  z e r o  
t e m p er a t u r e  .
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xe r c  p r e s s u r e .  The c a l c u l a t e d  ground s t a t e  p r op e r  t i n  a r e  auauuar i  r e d  in 
Tab l e  I I I  end compered w i t h  expe r i men t  end tbe  e a r l i e r  ASW r e ­
s u l t s  (Car 84) .
TABLE XIX
Ground s t a t e  p r o p e r t i e s  o f  BaSe and BaTe In  t h e  B l -  and B 2 - p h a t e .  Vq ia 
t b e  e x pe r i me n t a l  volume a t  ambient  p r e s a u r e .  For BaSe Vq *= 463 A* and
f o r  BaTe Vp = 57 9 A*
BaSe BaTe
LAP! ASW(i) EXP(b) LAP! ASW EXP(c)
V(B1}/V0 0 . 978  0 . 6 4  1 . 0  0 , 997  0 .64  1 . 0
B ( B l M t b a r )  468 -------  400(d)  354 ------  294(d)
B ' ( B l )  6.56 ------  ------  4 . 64    7 . 4 ( d )
V(B2)/V0 0 , 835  0 . 7 9  ------  0 .657 0.80
B(BZMkbar)  486 —  ------  391 -------
B'(B2> 4 . 84      4 . 6 5  ------
(a )  (Car84) ,  (b) (Grx83) .  <e) (GrzB4) ,  (d) <Bri40)
The s p e c i f i c  e q n i 1ib r i nm volume of  0 , 9 78  and 0 . 997  f o r  BaSe and 
BaTe r e s p e c t i v e l y  in the  Bl phas e  a r e  i n  good agreement  w i t h  t h e  meas­
u red  d a t a .  I t  i t  n e c e s s a r y  t o  o b t a i n  an a c c u r a t e  e q u i l i b r i u m  volume i n  
o r d e r  t o  have a r e s o n n b l e  e s t i m a t e  of  t h e  LKT p r e s s u r e  and v o l -  





i t  about  5% m a i l e r  t ha n  the  rocm t e m p e r a t u r e  e x pe r i me n t a l  v a l ues  ob­
t a i n e d  by backworda e x t r a p o l a t i o n  o f  tbe  e q u a t i o n  o f  s t a t e  measured be­
yond the  s t r u c t u r a l  phase  t r a n s i t i o n ( G r x S 4 )  , The c a l c u l a t e d  l a r g e r  bulk
modul i  and s m a l l e r  volumes  a r c  p a r t l y  due t o  the  e f f e c t s  of  t empera t ure  
and the  z e r o  p o i n t  mo t ion  which we have not  i n c l u d e d .  I nc l ud i ng  t h e s e  
e f f e c t t { A i d 8 4 j F r o f l 4 )  w i l l  tend t o  I n c r e a s e  the  volumes by about  1-2 % 
and d e c r e a s e  t h e  b u l k  modul i  by about  104b.
5 , 3  STRUCTURAL TRANSITION
BaTe and DaSe undergo a f i r s t  o r d e r  phase  t r a n s i t i o n  from the the 
NaCl s t r u c t u r e  t o  CsCl s t r u c t u r e  b e f o r e  m e t a l 1i z a t l o n ( Gr zS 3 , G r z8 4 )  . The 
c a l c u l a t e d  band gaps  a t  t h e  volumes Immedia t e ly  b e f o r e  and a f t e r  the 
s t r u c t u r a l  phase  t r a n s i t i o n  a r e  a l l  p o s i t i v e ,  which i n d i c a t e s  t h a t  me­
t a l l i z a t i o n  o c c u r s  a f t e r  t h e  s t r u c t u r a l  phas e  t r a n s i t i o n ,  i n  agreement  
w i t h  e x p e r i m e n t .  The t h e o r e t i c a l  and e x p e r i m e n t a l  r e s u l t s  f o r  the Bl t o  
B2 phase  t r a n s i t i o n  a r e  summarized i n  Table  XU.
The c a l c u l a t e d  t r a n s i t i o n  p r e s s u r e  f o r  BaSe and BaTe a r c  56 and 32
k ba r  r e s p e c t i v e l y  compared t o  t h e  e x p e r i m e n t a l  va l ue  of  CD and 411 kbar .  
The a s s o c i a t e d  volume change In t h e  s t r u c t u r a l  phase  t r a n s i t i o n  a r e  
0 . 1 4 8  and 0,1311 f o r  BaSe and BaTe r e s p e c t i v e l y  which compares wel l  wi t h  
t h e  e x p e r i m e n t a l l y  o b t a i n e d  v a l u e  of  0 . 1 3 9  and 0 , 1 3 2 ,  The B1-B2 t r a n ­
s i t i o n  p r e s s u r e  of  32 kba r  f o r  BaTe l i  somewhat lower  than t h e  48 khar  
e x p e r i m e n t a l  v a l u e .  The v e r y  good agreement  In  t h e  t r a n s i t i o n  p r e s s u r e  
f o r  BaSe i a  p r o b a b l y  f o r t u i t o u s ,  s i n ce  the  t r a n s i t i o n  p r e s s u r e  i s  more 
d i f f i c u l t  t o  d e t e r mi n e  t ha n  t h e  t r a n s i t i o n  volume.  For  example,  i n c l u d ­
i ng  t h e  h i d  p o i n t  mo t i on  can i n c r e a s e  the  t r a n s i t i o n  p r e s s u r e  by about
81
TABLE H
T a n a i t i o n  p r e s s u r e *  m d  t r a n s i t i o n  volumes  f o r  the B1-B2 phase 
t r a n s f o r r a t i o n  In BaSe and BaTe.  The volumes  e r e  g iven  as f r a c t i o n s  of
VQ a t  i n  Table  XIX.
BaSe BaTe
LAP* ASW(a) EXP {b ) LAP! ASW EXPU)
P ( t b * r )  56 ------- 60  32---------- -------  48
V(B1) 0*89 ------  ------- 0 . 92 5  ------  ------
V(B2) 0 . 7 6  0-7 8 ------- 0 . 8 0  0 , 7B ------
DWV(B1> 0 . 1 4 6 ------  0 . 1 3 9  0 . 13 5  --------  0*132
(a)  ( Ca r 84 ) ,  tb> <Gn03)  * <c) <flrx84>
5 t b e r ( A i d M ) .  D i f f e r e n t  f u n c t i o n a l s  f d r  c o r r e l a t i o n  ( e , g ,
Wigner ' * HYi g38)  would p r o b a b l y  improve t h e  ag r ee men t  w i t h  the  e x p e r i ­
ment t oo{Fro84)  and the p o e s i b l e  h y s t e r e s i s  end t e m p e r a t u r e  dependence 
in the  ex p e r i me n t  may a l t o  c o m p l i c a t e  t he  d i r e c t  c o a p a r i t o n  between 
the ory  and e x p e r i me n t .  However* t h e  e x p e r l a i e n t e l  t r e n d  o f  d e c r e a s i n g  
t r a n s i t i o n  p r e s s u r e  wi th  i n c r e a s i n g  a t o n i c  number i t  r e p r od u c e d  in  t h i s  
c a l c u l a t i o n  and c o n s i d e r i n g  t h a t  we a r e  d e a l i n g  w i t h  very  s o f t  m a t e r i a l s  
the g e n e r a l  agreement  wi th  t h e  e x p e r i m e n t  i s  q u i t e  s a t i s f a c t o r y .
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3 , 4  flANP 3TBDCTPRE AND IMT
¥e now t u r n  t o  e l e c t r o n i c  b i n d  s t r u c t u r e  and t b e  i n s u l a t o r  motal  
t r a n s i t i o n d M T ) , Tbe ene r gy  band* of  BaSe and BaTe are  q u i t e  t i n l i a r .  
At i ( to p r oa  an t e  t h e r e  la a v e r y  l o c a l i z e d  a band d e r i ve d  from t be  
4S(5S) s t a t e s  of  Se(Te)  a t oms .  The band w i d t h s  o f  theae  banda a r e  0 ,41  
and 0 .44  eV f or  BaSe and BaTe r e i p e c t l v e l y . Above the  a bands a r e  the 
p - t y p e  bands  d e r i v e d  f r o n  t h e  4P(5P)  e l e c t r o n s  o f  Se{Te) . The band 
w i d t h s  f o r  t heae  bands  arc  2 .2eV f o r  both BaSe and BaTe. The t o t a l  bend 
w i d t h s  f o r  BaSe and BaTe a r e  10 . 93  and 9 .38  eV r e s p e c t i v e l y .  Tbe band 
s t r u c t u r e  f o r  BaSe a t  z e r o  p r e s s u r e  a r e  p l o t t e d  i n  F i g .  8,  In t h e  h igh 
p r e s s u r e  phase  t h e  band s t r u c t u r e s  a r e  s i m i l a r  e x c e p t  the  band w i d t h  i n ­
c r e a s e s  as  t h e  volumes  d e c r e a s e ,  so t h a t  the  compounds become more me t ­
a l l i c .  For BaSe t h e  S(P)  band w i d t h  j n a t  b e f o r e  tbe  m e t a l l i z a t i o n  o cc u r s  
i s  1 . 3 ( 4 . 8 )  eV. I n  o r d e r  t o  show t h e  t r e n d  we have  p l o t t e d  t h e  band 
s t r u c t u r e  f o r  BaSe a f t e r  the  s t r u c t u r a l  t r a n s i t i o n  a t  s p e c i f i c  volume 
0 . 8 4  and band s t r u c t u r e  i m me d i a t e l y  b e f o r e  the  IMT occur s  a t  s p e c i f i c  
volume 0 . 6 2  in F i g .  9 and F i g .  10.
Table  Kill p r e s e n t s  t h e  t h e o r e t i c a l  and e x p e r i m e n t a l  r e s u l t s  f o r  the 
m e t a l l i z a t i o n  t r a n s i t i o n ,  and t h e  band gap i s  p l o t t e d  as  f u n c t i o n  of  
volume in F i g , 11,
I d t h e  NaCl phase  t h e  gaps  a r e  always i n d i r e c t  between t h e  t o p  of  
t he  Se(Te)  4p(3p)  v a l e n c e  band a t  F  and the  bot tom of  the Ba 3d 
band a t  1 .  The c a l c u l a t e d  band gaps of  l . f l  eV <1.5 eV) for  BaSe (BaTe) 
■t the  e q u i l i b r i u m  volume a r e  much s ma l l e r  t ha n  t h e  e xpe r i men t a l  v a l u e s  
of  3 , 6  eV ( 3 . 4  e V ) ( G r z 8 4 ) . T h i s  d i s c r e p a n c y  i s  a consequence of  t h e  
f a c t  t h a t  d e n s i t y  f u n c t i o n a l  t h e o r y  p r o v i d e s  v a r i a t i o n a l  e q u a t i o n s  f o r
■ 0.6 Z ll
L r
l 1 : s t r u c t u r e  f i ) o n £  1 - ^ T - X  l i t i s  f o r  Hf t Se a t  i o r n
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I’ if, l i  i c  10: V - l j  1 L u n  -e tie fi t  ruU-rue i*f t he  h s n J  (J*PS ' fl H i S t  mid ]ln I'l- . P Ti e
(IjiS-hc-Ji L i r e *  i n d i c a t e  t h e  fi 1 - li? v h ^ s e  i r a n s i  I i m .
ST
TABLE I I I
T r a n s i t i o n  p r e s s u r e s  end t r a n s i t i o n  v o l u m e  3  f o r  me t a l l i z a t i o n  
t r a n s f o r m a t i o n  In &a£e and BaTe,  The volume* e r e  g iven  as  f r a c t i o n s  of
VQ ui  i n  T a b l e  XIX.
BaSe BaTe
LAPV AS!( a ) EXP(b) LAPW ASW BXPU)
P ( k b a r )  315 170   136 40 200
V 0 . 6 1  0.63 (O.JP -  0 . 62 )  0 .67  0 . 7 4  0 . 65
(a)  (CarB4) , (b) (GrzSJ) .  ( c) tGr*B4)
ground s t a t e  p r o p e r t i e s  ( l i k e  t b e  t o t a l  e n e r g y ) ,  wh i l e  the  band gap i s  
p r obed  e x p e r i m e n t a l l y  through e x c i t e d  s t a t e s .  F o r t u n a t e l y  the  e r r o r  i n  
the  d e n s i t y  f u n c t i o n a l  band gap i s  e r p e c t e d ( P e r 8 3 , S h a £ 3 )  t o  v a n i s h  as 
the  t r a o  band gap goes t o  z e r o ,  Th i s  can ba seen  c l e a r l y  in F i g .  12 
where we have p l o t t e d  the  t h e o r e t i c a l  c a l c u l a t e d  ene rgy  band gaps of  
BaTe u s i n g  LDA as  t  f u n c t i o n  of  volume and compared w i t h  r e c e n t  e x p e r i ­
menta l  d a t a ( G r z M ) .  The much s m a l l e r  e r r o r  a t  z e r o  band gap a r e  p o s s i ­
b l y  due to t h e  LDA.
I t  has  been  shown In Chap t e r  IV t h a t  r e l a t i v i s t i c  e f f e c t s  can a l s o  
p l a y  an i m p o r t a n t  r o l e ,  e s p e c i a l l y  i n  cas es  l i k e  GaA* where t h e  top  of  
t h e  v a l e n c e  band i s  a p - i t a t e  wh i l e  t h e  bot tom of  the c o n d u c t i o n  baud i s  
Dear ly  a pure  s - s t a t e .  S c a l a r  r e l a t i v i s t i c  e f f e c t s  r educe  the band gap 
from 0 , 9  eV t o  0 .25  oV(IraB6) by d r opp i ng  the  * - c o n d u c t i o n  minimum r e l a -
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t i v e  to  the p - v a l e n c e  maximum, i n c l u d i n g  t h e  s p i n - o r b i t  c o u p l i n g  w i l l  
Fu r t he r  r educe  t h e  bend (ftp t o  0 . 1 5  eV, A l t h o u g h  r e l a t i v i s t i c  e f f e c t s  
• r e  s i g n i f l e a n t , e s p e c i a l l y  i n  BaTe n e a r  t he  n e t e l l  I r a t i o n  t r a n s i t i o n ,  
the  a b s o l u t e  e f f e c t  on t he  gap i s  s m a l l e r ,  s i n c e  t he  gap I s  between a 
va l ence  p-hand and a c o n d u c t i o n  d - ba n d .  I n  f a c t  t h i s  s c a l a r  r e l a t i v l s -  
t i c  e f f e c t  I s  In t h e  o p p o s i t e  d i r e c t i o n  In BaSe and BaTe:  a n n n - r e l a -
t i v i a t i c  c a l c u l a t i o n  f o r  BaSe r e s u l t s  in  a s n a i l  r e d u c t i o n  i n  the band  
gap o f  0 , 1  *V a t  ae r o  p r e s s u r e ,  and ■ r e d u c t i o n  o f  0.23- eV n e a r  n a t a l  I l ­
l a t i o n .  This  c o r r e s p o n d s  t o  e d e c r e a s e  o f  m e t a l l i z a t i o n  p r e s s u r e  by 
about 70 Lbar and an i n c r e a s e  o f  t r a n s i t i o n  voltiaie a b o u t  35b (note  t h e  
r e l a t i v e  i n s e n s i t i v i t y  of  the  v o l u m e ) .  A l t h o u g h  ve  have  n o t  r e p e a t e d  
t h i s  t e s t  f o r  BaTe,  t h i s  r e l a t i v i s t i c  e f f e c t  f o r  t h e  h e a v i e r  T« atom 
should be even l a r g e r .  A f t e r  we implemented  t h e  s p l n - o r b i t  c o up l i n g  In  
t h e  program we r e c a l c u l a t e d  t he  LHT volume and p r e s s u r e  f o r  BaSe by i n ­
c l ud i ng  t h i s  e f f e c t .  We found t h e  band gaps  r e d u ce d  a b o u t  0 . 1 8  eV u n i ­
formly nea r  t h e  1HT as e x p e c t e d  and t h e  p r e d i c t e d  1WT volume changed
from {1% of  t h e  a e r o  p r e s s u r e  e x p e r i m e n t s !  v a l u e  t o  dJA and t he  p r e s s u r e
droped from 315 k ba r  to  285 L b a r .
Aa s e e r  i s  F i g .  11,  t h e  s t r u c t u r a l  t r a n s i t i o n  i n d u c e s  e l a r g e  r e ­
d u c t i o n  In t h e  bund gap.  J u s t  a f t e r  the  s t r u c t u r a l  t r a n s i t i o n  the band  
gaps a r e  s t i l l  i n d i r e c t  be t ween t h e  top  o f  t he  c h a l c o g e n  v a l e n c e  p - b a n d t  
a t  M and t h e  bo t t om of t h e  Ba J d - b a n d s  a t  T , For  BaTe t h i s  i n d i r e c t  
gap i s  kept  u n t i l  the bands  o v e r l a p ,  b u t  f o r  BaSe a t  s p e c i f i c  volume of  
about  0 . 6 5  i t  changes  to  a d i r e c t  gap b e t wee n  t h e  p - l i k e  5 * P 15 and t h e  
d - l l t e  Ba T ^  s t a t e s .  The s h i f t  o f  t hos e  r e l a t e d  e i g e n v a l u e s  w i t h  
r e s p e c t  to  t h e  a v e r ag e d  p o t e n t i a l  in  the  i n t e r s t i t i a l  r e g i o n  as s f u n c ­
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t i o n  of  volume a r e  p l o t t e d  in Fife. 13.  As i t  t e e n  from Fig .  13 t i l  the 
e n e r g i e s  va ry  a lmos t  l i n e a r l y  wi th t h e  volume.  The p - t ypc  v a l e n c e  bands 
a r c  no at  s e n s i t i v e  t o  t h e  change of  volume and have the  l a r g e s t  e l ope* .  
On the  o t h e r  hapd t h e  d - t ype  c o nd uc t i on  b t n d t  have much w a l l e r  e l ope* .
Our c a l c u l a t e d  band o v e r l a p  volumes  a r c  w i t h i n  2% of  t h e  expr imen-  
t a l  d a t a ,  b u t  t h e  t r a n s i t i o n  p r e s s u r e  of  158 k ba r  f o r  BaTe i s  somewhat 
w a l l e r  t han  t h e  e x pe r i men t a l  va l ue  of  200 k b a r .  I t  shou ld  be n o t e d ,  
however ,  t h a t  the  t r a n s i t i o n  p r e s s u r e  1» more d i f f i c u l t  to p r e d i c t  than 
the  t r a n s i t i o n  volume.  For  example,  t h e  11 d e c r e a s e  i n  the  volume needed 
t o  b r i ng  t h e  LAPW va l ue  i n t o  agreement  w i t h  ex p e r i me n t  would i n c r e a s e  
the  t r a n s i  t i o n  p r e s s u r e  by 40 k ba r  f o r  Bale and by 65 kbar  f o r  DaSe, 
D i f f e r e n t  forms o f  l o c a l - d e n s i t y  c o r r e l a t i o n  f u n c t i o n a l *  now In common 
use can e a s i l y  l e ad  t o  v a r i a t i o n s  i n  volume of  t h i s  ma gn i t ude .  We have 
c a l c u l a t e d  t h e  band gaps a t  s p e c i f i c  volume 0 , 612  f o r  BaSe u s i n g  d i f f e r ­
e n t  p x c h a n g e - c o r r e l * t i o n  f u n c t i o n a l  and t h e  r e s u l t s  a r e  shown i n  F i g .  
14.  The s o - c a l l e d  J£o method wi t h  a l a r g e r  t han  2 /3  u s u a l l y  g ive  
l a r g e r  band gaps but  I t  I s  known t h a t  i t  g i ve  bad ground s t a t e  p r o p e r ­
t i e s .
Assuming t h e  65 k ba r  i n c r e a s e  i n  t h e  p r e d i c t e d  t r a n s i t i o n  p r e s s u r e  
f o r  BaSe due t o  tbe (p robab ly )  s l i g h t l y  too  l a r g e  t h e o r e t i c a l  t r a n s i t i o n  
volume,  we p r e d i c t  t h a t  the  1MT f o r  BaSe should  be seen c l o s e r  t o  400 
kbar  r a t h e r  t ban  a t  t h e  c a l c u l a t e d  v a l u e  of 315 Lbar .  Taking t h i s  i n t o  
acc o u n t ,  t h e  agreement  of our r e s u l t s  w i t h  ex p e r i me n t  f o r  the  m e t a l l i s a ­
t i o n  volume and p r e s s u r e  i s  very  good,  and d e m o n s t r a t e s  t h e  a b i l i t y  of 
l o c a l - d e n s i t y  f u n c t i o n a l  t booty  to c o r r e c t l y  p r e d i c t  b a n d - o v e r l a p  m e t a l ­
l i z a t i o n  i n  c l o s e d - s h e l 1 sys t ems .  Thi s  c a l c u l a t i o n  has  a l s o  g i v e n  us
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tone encouragement  t o  f u r t h e r  c a l c u l a t e  the  r e l a t e d  r a r e - e a r t h  cha l co -  
g e n l d e s .  I t  w i l l  he i n t e r e s t i n g  t o  ace i f  s i m i l a r  r e s u l t s  can a l t o  be 
o b t a i n ed  f o r  t hose  r a r e - e a r t h  c h a l c o g e u i d e s ,
Chapt e r  VI 
1(001)  SURFACE
6 .1 BAtTCBOUMP
The W(001) l u r f i c t  i t  t h e  n e s t  e x t e n s i v e l y  s t u d i e d  me t a l  s u r f a c e  
both exper imenta l  ly  end t h e o r e t i c a l l y ( W a c 7 2 . F e u 7 2 , D e b 7 7 Ff i a r 7 8,  
Kre79,Pos l t0 . Ohn84,Fu85) because  of  i t s  h igh t he rmal  s t a b i l i t y  and t he  
r i c h n e s s  of  I t s  s u r f a c e  Induced phenomena,  and i s  t h e r e f o r e  o f t e n  chosen 
as a t e s t  system f or  nee s u r f ac e  e i p e r i s i e n t s l  t e c h n i q u e s  and nev compu­
t a t i o n a l  methods.  Al though t h e r e  a r e  many power fu l  e x p e r i m e n t a l  s u r f a c e  
t e c hn i que s  which a r e  s e n s i t i v e  to  t he  a t omic  a r r a n g e m e n t  on s u r f a c e s  the 
da t a  which they y i e l d  have  o f t e n  been  d i f f i c u l t  t o  I n t e r p r e t  unambigu­
ous ly  end the p r e c i s e  d e t e r m i n a t i o n  o f  s u r f a c e  s t r u c t u r e  bea c o n t i n u e d  
to  be very d i f f i c u l t  t o  ach i eve  in  many c a s e s .
The s u r f a c e  l a  found t o  undergo  a r e v e r s i b l e  t e m p e r a t u r e  de­
pendent  d i s p l a c i v e  phase  t r a n s i t i o n  from the h igh  t e m p e r a t u r e  p ( l i l )  
phase t o  the low t e mp e r a t u r e  c(2a2)  p f aa t e ( De b77 , Fe l 7 7 , B a r 7 8 ) . The meat 
p l a u s i b l e  model f o r  t h l i  d i s p l a c i v e  phase  t r a n s i t i o n  was p r op o s ed  by 
Debe and Ting (DK)tDcb77) from l o w - e n e r g y - e l e c t r o n - d i f f r a c t i o n  (LEED) 
i n t e n s i t y  and symmetry a n a l y s i s .  In i b i s  mode l ,  as t h e  t e m p e r a t u r e  i s  
r educed  the su r f ace  atoms a r e  s h i f t e d  a l t e r n a t i v e l y  a l ong  the <11G> d i ­
r e c t i o n  thus  forming z i gzag  c h a i n s  w i t h  a ( ' ilr'Jiz){t45* u n i t  c e l l  
and P2asg two-dimens ional  space group symmetry.  Th i s  l a  s u p p o r t e d  by a 
t h e o r e t i c a l  LEED i n t e n s i t y  a n a l y s i  a ( B * r 7 8 , Wal61) which i n d i c a t e s  p a r e l  —
-  94 -
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l e i  s h i f t s  o f  t h e  s u r f a c e  atoms w i t h  the  s h i f t s  b e i ng  about  0 , 1 5 - 0 . 3 0  A, 
Re c e n t l y  t h i s  model has been q u e s t i o n e d .  For  t r a m p l e ,  f i e l d - l o n  mi cros ­
copy (FIM) s t u d i e s  by Tseng ± 1 . (Tso79) o b s e r v e d  the  p ( l r l )  s t r u c t u r e  
even a t  21K end t h e r e f o r e  conc l uded  t h a t  even i f  t h e r e  i s  a p a r a l l e l  
s h i f t ,  t h e  s h i f t  is sma l l e r  t ha n  0 .15  A. Some o t h e r  models l i k e  a p ( 2 r l )  
s t r u c t u r e  w i t h  atoms s h i f t e d  a l o n g  a <100> d i r e c t l o n t k i n g O ) , a c(2x2) 
s t r u c t u r e  with,  atoms s h i f t e d  v e r t i c a l l y ( S t e S O ) , and o r d e r - d i s o r -  
der (Dcb77)  t r a n s i t i o n  have a l s o  been p roposed  by v a r i o u s  a u t h o r s  based 
on d i f f e r e n t  l o r f a c c  t e c h n i q u e s .
Be s id e s  t h e  observed  s u r f a c e  l a ye r  r e c o n s t r u c t i o n ,  t h e  W(OCU) s u r ­
f a c e  i n t e r l a y e r  s pac ing  i s  a l s o  found t o  c o n t r a c t  i n  the  h i gh  tempera­
t u r e  p ( l x l )  ph a s e -  The c o n t r a c t i o n s  o b t a i n e d  by v a r i o u s  i n v c s t g a t o r s , 
howevere r ange  from 6jt6%(Hor74) , l l l 2%(Lee77)  t o  l e s s  t ha n  6%(Fel77) .
There have been s e ve r a l  c a l c u l a t i o n s  f o r  t h e  ¥(001)  a u r f a c e ( Ing79,  
PosflO,QhuB4) aimed a t  c h a r a c t e r i z i n g  and i n t e r p r e t i n g  t h e s e  phase t r a n ­
s i t i o n .  Host  o f  t h e se  works a r e  focused  on t h e  the  r o l e s  played by the 
s u r f a c e  s t a t e s  (SS) end s u r f a c e  r e sonace  (5R) n e a r  the  Fermi  s u r ­
f a c e  (PosflO,Kra84) in t he se  phase  t r a n s i t i o n .  A s e l f - c o n s i s t a n t  LAJTf 
c a l c u l a t i o n  f o r  a seven l a y e r  W(OOJ) s l a b  by P o s t e r n a h  j J . found a 
p a i r  of s u r f a c e  s t a t e s  a l ong  t h e  £ d i r e c t i o n ,  which d i s p e r s e d  upward 
i n  e n e r gy ,  c u t t i n g  the Fermi e n e r gy  midway a l ong  t h i s  symmetry d i r e c t i o n  
a t  q - ( 1 / 2 , 1 / 2 ) n / a ( K r n 7 9 , F o s 8 D ) , The s i g n i f i c a n t  F e r m i - s n r f a c e  n e s t i n g  
o f  t h e s e  s u r f a c e  s t a t e s  i n  t h e  v i c i n i t y  of t h i s  p o i n t ,  wi th  the n e s t i n g  
v e c t o r  q - { l , l ) n / a ,  ( t h i s  i s  t h e  wave v e c t o r  of  the  l o n g i t u d i n a l  phcnon 
mode M, which l e a d s  to the  ( ' J I i '^2) R456 s t r u c t u r e )  s up p o r t e d  
t h e  UK model of  the  W(001) s u r f a c e  r e c o n s t r u c t i o n .  Based on these  c a l c u -
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l e t i o n s ,  i t  was concluded  t h a t  t h e r e  i f  s t r o n g  e v i d e n c e  t h a t  t h e  r e  con­
s t r u c t i o n  of  t h e  W(OOl) s u r f a c e  i i  e l e c t r o n i c a l l y  d r i v e n  v i e  t he  
c h a r g e - d e n s i t y - w a v e  (CDW) meehsuism{Tos78)  .
However t h e s e  t h e o r e t i c a l  a rguments  t o r  W(001) s u r f a c e  r e c o n s t r u c ­
t i o n  have been q u e s t i o n e d .  I n g l e s f l e l d ( I n g 7 9 >  s u g g e s t e d  t h a t  the  i d e a l  
(001)  s u r f ac e  of  V and Mo i s  i n h e r e n t l y  u n s t a b l e  f o r  a r b i t r a r y  a t o n i c  
d i s p l a c e m e n t ,  and the s u r f a c e  s t a t e s  have t h e  r a t h e r  minor  e f f e c t  on t he  
r e c o n s t r u c t i o n ,  T>rakura a l  i _ l . (Ter62)  a l s o  q u e s t i o n e d  t h e  CDW mocha- 
n i s n .  In t h e i r  view,  t h e r e  would be c o n s i d e r a b l e  ene rgy  l owe r i ng  due t o  
t h e  c l i f l i n a t i o n  o f  a l a r g e  p e a t  in  t he  s u r f a c e  d e n s i t y  of  s t a t e s  a t  t he  
F e r n i  energy a s s o c i a t e d  w i t h  t h e  I d ea l  s u r f a c e .  Un l ike  t h e  CDV mechanism 
where  gapping occu r s  o n l y  i o  a smal l  r e g i o n  o f  t he  B r i l l o u i o  zone,  t hey  
s u g g e s t e d  t h a t  s u r f a c e  s t a t e s  i n  l a r g e  r e g i o n s  o f  t h e  B r l l l o u l u  roue 
would be a f f e c t e d .
Recent  c a l c u l a t i o n  by K r a k a u e r (Era84)  f o r  t h e  (001) s u r f a c e  o f  T a . 
which Is T u n g s t e n ' s  n e i g h b o r  to  the l e f t  i n  t he  P e r i o d i c  T a b l e ,  p r o v i d e s  
some suppor t  f o r  t h i s  l a t t e r  v i ew.  Tn h i s  c a l c u l a t i o n  he  found t he  
l a r g e  peak of  t he  s u r f a c e  d e n s i t y  of  s t a t e s  I s  u n oc c u p i e d  which e x p l a i n s  
t h e  expe r i men t a l  r e i u l t s ( T i t 8 2 )  t h a t  Tn(QOl) s u r f a c e  does  not  r e c o n ­
s t r u c t  in  the t e mp e r a t u r e  r ange  of  150-600 E,
The r e s u l t s  of  more r e c e n t  ARPES me asur e men t i ( CauBO. Hol S l )  have 
■Iso  undermined the  CUV i n t e r p r e t a t i o n .  T h e i r  measured  s u r f a c e - s t a t e  
d i s p e r s i o n  c u r v e t  n e t r  t h e  Fermi  ene rgy  were found  t o  d i f f e r  s i g n i f i ­
c a n t l y  form the LAPW r e s u l t * ( P o s B O ) . B e s i d e s  t h e  measured  bands  c r o s s  
t h e  Fermi  energy a t  a l a r g e r  ^  v e c t o r  a long t h e  Y. l i n e ,  t h u s  removes 
t h e  n e s t i n g  f e a t u r e  found i n  t h e  LAPW c a l c u l a t i o n .
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The c u r r e n t  s t a t e  c l e a r l y  i n d i c a t e *  the  bead f o r  a t o t a l  energy 
c a l c u l a t i o n  t o  c l a r i f y  the  s i t u a t i o n  and f i n d  t h e  e n e r g e t i c a l l y  f avored  
s u r f a c e  s t r u c t u r e .  In t h i a  w o r t  ve i n v e s t i g a t e d  the  g e ome t r i c  a r r a n g e ­
ment of  t h e  W(001) s u r f a c e  a t m *  by c a l c u l a t i n g  e n e r g e t i c a l l y  the  1(001) 
s u r f a c e  r e l a x a t i o n  and r e c o n s t r u c t i o n  u s i n g  t h e  a t  lp l fc lo  g en e r a l  po t e n ­
t i a l  LAFV s u p e r l a t t i c e  method In p a r t i c u l a r  ve s t u d i e d  the  DK's recon­
s t r u c t i o n  model .
Before  d i s c u s s i n g  our  r e s u l t s  i n  d e t a i l  we b r i e f l y  summarize them, 
We found f o r  the  h i gh  t e m p e r a t u r e  p ( l x l )  phase  t h a t  the  topmost  l a y e r  
c o n t r a c t e d  A  wi t h  a r e l a x a t i o n  e n e r g y  of  3,1 eiRy p e r  s u r f a c e  atom.  At 
low t e m p e r a t u r e  t h e  c(2x2)  r e c o n s t r u c t e d  s u r f a c e  w i t h  a p a r a l l e l  a l t e r ­
n a t i v e  a h i f t  of  the  s u r f a c e  atoms o f  0 , 2 8  A a l on g  t h e  (110> d i r e c t i o n  is  
s t a b l e  compared t o  t h e  i d e a l  p ( l x l )  s t r u c t u r e .  The r e c o n s t r u c t i o n  energy 
a lone  ( w i t h o u t  c o n s i d e r i n g  the  r e l a x a t i o n  e f f e c t )  i s  10 . 9  mRy p a r  su r ­
face  atom.  I f  we t ake  the  r e l a x a t i o n  i n t o  a c c o u n t  the  r e c o n s t r u c t i o n  
energy  i s  r educed  t o  7 , 8  m]ty p e r  s u r f a c e  atom and we found the  r ec on ­
s t r u c t i o n  p r o c e s s  s u p p r e s s e s  t h e  r e l a x a t i o n .  These r e s u l t s  a re  in gen­
e r a l l y  good agreement  wi th  e x pe r i m e n t  and o t h e r  i ndependen t  LAPW slab 
o a l c u l e t i o n ( F U 8 5 b ) .
d , 2  DETAILS OF CALCULATION
The s u p e r 1 a t t i  ce geometry has  been  a dop t ed  In t h i s  c a l c u l a t i o n  to 
s i mu l a t e  two n o n l n t e r a c t  lug s u r f a c e s .  F ive  l a y e r  s l a b s  of  W wi th  the 
(001) s u r f a c e s  exposed t o  both s i d e s  a r e  p e r i o d i c a l l y  r e p e a t e d  in the  x 
d i r e c t i o n  w i t h  vacuum t h i c k n e s s  e q u i v a l e n t  of  s i x  a tomic  l a y e r s  in be­
tween g i v i n g  a t h r e e - d i m e n s i o n a l  " c r y s t a l T h e  l a t t i c e  c o n s t a n t  are
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f i x e d  t o  be the  b u l l  e x p e r i m e n t a l  va l ue  1=3,160 A. Tho bulk Tungsten 
c a l c u l i  t i o n  d e s c r i b e d  I p Chapte r  I I I  o b t a i n  r e m i t  w i t h i n  0.2% of  t h i s  
v a l u e .  The t h i c k n e s s  of  the  slab(OhniM) and the  separa t ing vacuum r e -  
gion(LouT7)  h i v e  been  shown t o  be s u f f i c i e n t  t o  e i t r a c t  the q u a n t i t e s  
l i k e  l a r f i c e  s t a t e s { L o n 7 7 , O h n M ) , s u r f ac e  energy(FuB3*) ,  r e l a x a t i o n  en­
e r gy  of  t h e  f i r s t  l a y e r  c o n t r a c t  ion(Fuf l4) . Our e a r l i e r  c a l c u l i t i o n  us­
ing  the  t i n e  s u p e r l a t t i c e  s t r u c t u r e  f o r  a f i v e  l a y e r  n o n - r e c on i tme t e d  
If(001) s u r f a c e  g i v e s  the  s u r f a c e  energy  of J . b J / n 1 , since the r e l a x a ­
t i o n  and r e c r m t i u c t  Ion ene r gy  amount* to only 4% of the i nr face  energy 
t h i *  v a l u e  compares wol l  w i t h  the  6 . 0 1 0 , 9  J / n 1 experimental  v a l ­
ue {Cor 69) naaure d  a t  1 i q u l d - h e l  inn t e mp e r a t u r e .  In  t h i i  c i l c u l a t l o n  the 
prominent  s u r f a c e  s t a t e s  a t  I* below the F e r a l  su r f ace  at  about  
- 0 . 2 6  eV and -4 . 0 1  eV i r e  a l i o  found unambiguous ly, These are In good 
agreement  w i t h  e x p e r i m e n t a l  r esu l t s{V*n7a)  or  o th e r  f i r s t  p r i n c i p l e s  
t h e o r e t i c a l  c a l c u l a t i t m ( P o s 8 0 ) .
The s e l f - c o n e i i t a n t  g e n e r a l  p o t e n t i a l  LAPW bulk ne t t ed  i s  used with 
the  r e l a t i v i s t i c  exchange p o t e n t i a l  t o g e t h e r  wi th  Wigner c o r r e l a t i o n  po­
t e n t i a l .  S c a l a r  r e l a t l v l i t i c  e f f e c t s  (wi thout  s p i n - o r b i t  coupl ing)  are  
i nc l ude d  t o  t h e  v a r i a t i o n a l  band s t a t e s ,  because ,  in the bulk t ungs ten  
c a l c u l a t i o n ,  we found t h e  s e m i r e l s t i v i s t i c  c a l c u l a t i o n  gives a very good 
l a t t i c e  c o n s t a n t  and hulk  modulus  we expect  the  s p i n - o r b i t  coupl ing e f ­
f e c t  may have l i t t l e  e f f e c t  on the  d e t e r m i n a t i o n  of the to t a l  enrgy d i f ­
f e r e n c e .  The core  s t a t e s  a r e  t r e a t e d  f u l l y  r e l a t i v I s t i c a l l y  using an a t ­
omic l i k e  program.  The s l i g h t  ove r l a pp i ng  of  the Jp core s t a t e *  are  
t r e a t e d  c o r r e c t l y  u s i ng  t h e  method de s c r i be d  i n  App.C, We found t h i s  
t r e a t m e n t  i s  v e r y  I mpor t an t  In c a l c u l a t i n g  the  c o r r e c t  topology of the
c h a r g e  d e n s i t y  In t h e  i n t e r s t i t i a l ( vacuum) . We have  a l s o  found t h a t  t he  
c o r r e c t  t r e a t m e n t  o f  t h e  5p i t e t e i  l a  e s s e n t i a l  i n  o b t a i n i n g  t h e  t o t a l  
e a e r j y  d i f f e r e n c e s .  About  1000 b a a i a  f u n c t i o n s  e r e  used which a r e  con- 
a i d e r e d  t o  be s u f f i c i e n t  i n  t e r n s  of  t h e  r e l a t i v e  ene rgy  d i f f e r e n c e  f o r  
each  a t omi c  d i s p l a c e m e n t .  Compar i son w i t h  the  c a l c u l a t e d  r e s u l t s  us ing 
abou t  670 b a s i s  f u n c t i o n s  shoe t h a t  even though  t h e  t o t a l  ene rgy  changed 
more than 1 Ry per  u n i t  c e l l  t h e  change of  r e l a t i v e  ene rgy  fo r  d i f f e r e n t  
s h i f t s  i s  l e s s  t ha n  2 mRy. Thi s  i n d i c a t e s  t h a t  i f  only  the r e l a t i v e  en­
e r g y  d i f f e r e n c e  i s  c o n c e r n e d  a s m e l l e r  ncncovergod b a s i s  s e t  may be 
u s e d .  Because  of  t h e  l a r g e  m a t r i x  s i z e  t h e  s e l f - c o n s i s t e n t  i t e r a t i o n  
was c a r r i e d  o u t  u s i n g  4 s p e c i a l  k - p o i n t a  i n  t h e  I r r e d u c i b l e  wedge of the 
2-D B r i l l o u i n  a o n e . I n c r e a s i n g  t - p o i n t  s ampl ing  cou l d  be v e r y  e x p e n s i v e  
a t  t h i s  t i m e .  In t h e  p r e v i o u s  c a l c u l a t i o n  f o r  t h e  bulk. W 0 - p o i n t  f r o z e n  
ph onon f r e q u e n c y ,  we s e e  t h a t  t h e  s t r o n g  n e s t i n g  f e a t u r e  a t  t h e  Fermi  
s u r f a c e  caused  t h e  c a l c u l a t e d  phonon f r eq ue n cy  changed a bou t  8% wi t h  
d i f f e r e n t  k - p o i n t  s a m p l i n g . b u t  the ene rgy  i n v o l v e d  i s  l e a s  t h e n  0 . 5  mRy 
per  a tom.  S i n c e  the  c a l c u l a t e d  r e c o n s t r u c t i o n  ene r gy  i s  a bou t  R mRy p e r  
s u r f a c e  atom we do no t  t h i n k  t h e  r e s u l t s  w i l l  change a u b i t a n t i a l y  by i n ­
c r e a s i n g  t h e  number o f  k - p o i n t a .  S q l f - c o n s i s t e n c e  i s  c o n s i d e r e d
a c h i e v e d  when t he  rms d i f f e r e n c e  be t ween  t h e  i n p u t  and o u t p u t  charge  
d e n s i t y  i s  l e a s  t ha n  2X10~^ e l e c t r o n s  p e r  cub i c  fiohr* a t  t h i s  s t a g e  t he  
t o t a l  ene r gy  i s  c o n v e r ge d  t o  b e t t e r  t ha n  1 mRy <0.1 mRy per  a t om) .
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6 .3 SURFACE PKIATATIOK AND RECONSTRUCTION
Tho DK model(DebTT) wi th the  a tomic  d i s p l a c e m e n t  p a r a l l e l  t o  t he  
s u r f a c e  can be r e g a r d e d  a i  f r o z e n  phonon node a t  I? l a b l v d  as  R* * The 
geoa i c t r i c  a r r angemen t  i s  shown i n  F i g .  15.  The c a l c u l a t i o n  I s  baae d  on 
t h e  f r o z e n  phonoo approach where t h e  t o t a l  e n e r g i e s  a r e  c a l c u l a t e d  as  a 
f u n c t i o n  of  t h e  atomic d i i p l c e m e n t  t>.
The r e s u l t s  p l o t t e d  in F i g .  l b  i n d i c a t e  t h a t  a t  low t e m p e r a t u r e  t he  
DK. model i s  e n e r g e t i c a l l y  more f a v o r a b l e  than t h e  i d e a l  p ( l a l )  s t r u c t u r e  
w i t h  the  a t o n i c  d i s p l a c e me n t  about  0 . 2 8  A end t h e  r e c o n s t r u c t  Ion energy  
about  11 mRy p e r  s u r f a c e  a t o n .  The t h e o r e t i c a l  d i s p l a c e m e n t  of  the  DE 
model i t  i n  v e r y  good agreement  w i t h  the  LEEJ) a n a l y s i s  of  Barker (BarTS)  
e t  k 1 . ,  bu t  t h e  c a l c u l a t e d  r e c o n s t r u c t i o n  e ne r gy  i s  somewhat l a r g e r  t han  
t h e  I ndepende n t  LAPIf s l a b  c a l c u l a t i o n  by RKFuKSb) £_t g l . , In t h e i r  c a l ­
c u l a t i o n  they  found the  same r e c o n s t r u c t i o n  wi t h  an a tomic  d i s p l a c e m e n t  
of  0 . 1 8  A and r e c o n s t r u c t i o n  ene r gy  on l y  about  0 . 8  mRy, Tho r e c o n s t r u c ­
t i o n  ha s  a l s o  some e f f e c t  on the  r e l a x a t i o n .  To see  t h i s  e f f e c t  we have 
c a l c u l a t e d  t o t a l  energy  i s  f u n c t i o n  of  the  s u r f a c e  l n t e r l a y e r  s p a c i n g  a t  
b^O.G and 6 = 0 . 26B A, The r e s u l t s  a r e  g iv e n  in Tab l e  XXII.  (These 
ene r gy  s hou l d  be d i v i d e d  by 4 t o  g e t  E / p e r  s u r f a c e  a t o m ) .
The c a l c u l a t i o n s  p r o v i d e  us w i t h  the  f o l l o w i n g  i n f o r m a t i o n :  In t he  
h i gh  t e m p e r a t u r e  p ( l x l ,  phase  the  topmost  l a y e r  of  t h e  W(001) s u r f a c e  
has  a c o n t r a c t  l oo  Aj  2  of ^  wi th  a r e l a x a t i o n  e n e r g y  of  3.1 mRy pe r  s u r ­
f a c e  a t o m .  These  ag r ee  wi th  the  ex p e r i me n t  and r e c e n t  FI.AHtf s l a b  c a l c u -  
l a t i o u ( F u 8 5 ) . The e l e c t r o n i c  o r i g i o n  f o r  t h i s  r e l a x a t i o n  i s  t h a t  f o r  
t r a n s i t i o n  m e t a l s  the  l o c a l i z e d  d e l e c t r o n s  t e nd  t o  d e c r e a s e  the  b o n d  
d i s t a n c e  bu t  t h e  f r e e - e l e c t r o n  Like sp e l e c t r o n  t e n d  t o  i n c r e a s e  t h e  i n -
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TABLE 1X11
T o t a l  ene rgy  d i f f e r e n c e *  *■ f u n c t i o n  of  a t o n i c  d i s p l a c e m e n t  a lone  <110> 
d i r e c t i o n  *nd I n t e r l a y e r  s pac ing  r e f e r e n c e d  t o  t h e  I de a l  f ( 100 )  s u r f a c e .
0.178B 0,2682 0 , 2970
-43  .70% 0 . 0 - 9 . 1 - 3 0 , 5
t e r a t o m i c  d i s t a n c e  and t h e r e f o r e  n l n l v l t e  the  l i n e t l c  e n e r gy ( Pe t 7  8 } . 
Then a s u r f a c e  f o r m  t h e  b a l a n c e  be t ween t h e  d and *p e l e c t r o n s  i s  l o s t  
which c *o * e t  a smooth lug of  cha rge  on t h e  s u r f a c e  and produce* a f o r c e  
on t h e  ion* i n  t h e i r  i d e a l  p o s i t i o n s .  The c o n t r a c t i o n  of  the  topmost  
l a y e r  caused an enhancement  o f  t h e  d-d bonding be t wee n  the  s u r f a c e  atoms 
and t h e  s u b s u r f a c e  a t ™ *  and pus hes  more i p  e l e c t r o n s  i n t o  the  vacuum 
r e g i o n .  Th i s  cause*  a r e d u c t i o n  of  the  s t r o n g  peak  i n  t h e  d e n s i t y  of  
s t a t e s  a t  the  Fermi  s u r f a c e  and I n c r e a s e s  t h e  we i gh t  i n  t h e  bonding r e ­
g i on  of  the  d e n s i t y  of  s t a t e *  and t h e r e f o r e  lower* the  t o t a l  e n e r g y .  At 
low t e m p e r a t u r e  t h e  p U r l )  s t r u c t u r e  i s  u n s t a b l e  w i t h  r e s p e c t  t o  the 
II, phonoo d i s t o r t i o n ,  t h i s  l e a d s  t o  a R45* s t r u c t u r e
w i t h  a p r e d i c t e d  l a t e r a l  d i s p l a c e m e n t  of  0 . 2 8  A bu t  w i t h  the  f i r s t  i n  
t e r l a y e r  s pac ing  r e ma i n i ng  w i t h i n  1% of  i t s  bu l k  v a l u e .  Because of  the 
l a r g e  peak of  the  s u r f a c e  d e n s i t y  of  s t a t e *  a t  t h e  Form! s u r f a c e  and the 
n e t t i n g  f e a t u r e  of Kerti i  s u r f a c e  a l ong  t h e  F  M l i n e  i t  i*  e x p e c t e d
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t h i s  s u r f a c e  r e c o n s t r u c t i o n  w i l l  c a u s e  a b r o a d e n i n g  o f  t he  d e n s i t y  of  
s t a t e s  and s p l i t  t h i s  peak  a t  the Fermi  ene rgy  I n t o  an o c c u p i e d  and 
unoccup i ed  dens i t y  of  s t a t e s  and t h e r e f o r e  i n c r e a s e  t h e  we igh t  a t  the 
low energy  r e g i o n ( l u g 82,Fufl5b) . On t he  o t h e r  hand  s i n c e  in  t h e  r e c o n ­
s t r u c t e d  c ( 2 i l )  phase the nuc l eu s  r e p u l s i o n  e n e r g y  i s  l a r g e  i t  c a u s e s  a 
e x pans i on  of  the topmost  l a y e r  and. s u p p r e s s e s  the r e l a x a t i o n .
In summary we have d em o n s t r a t e d  t he  a b i l i t y  of  ou r  method i n  f i n d ­
ing  t h e  e n e r g e t i c a l l y  Favored g e o m e t r i c  s t r u c t u r e  o f  t h e  1 (001)  s u r f a c e .  
Ve have s t u d i e d  t h e  r e l a x a t i o n  and one of the  r e c o n s t r u c t i o n  mo d e l s .  The 
r e s u l t s  a r e  I d g e n e r a l l y  good ag r ee men t  w i t h  e x p e r i m e n t s  and o t h e r  t h e o ­
r e t i c a l  c a l c u l a t i o n s .  We hope t h i s  c a l c u l a t i o n  w i l l  h e l p  bo th  e i p e r i m e -  
t n l i s t s  and t h e o r i s t s  i n  u n d e r s t a n d i n g  t h i s  v e r y  i n t e r e s t i n g  s u r f a c e  
phenomena.  In the f u t u r e  i t  w i l l  be q u i t e  u s e f u l  to  s tudy  some o t h e r  r e ­
c o n s t r u c t i o n  models and t o  u n d e r s t a n d  the  d r i v i n g  mechanism by s t u d y i n g  
t h e  d e n s i t y  of d a t e s  and charge d i s t r i b u t i o n s .  Th i s  work la  c u r r e n t l y  
i n  p r o g r e s s .
Chap t e r  VI I  
CONCLUSIONS
The new l e v e l  of t oph i  a t t e n t i o n  r e c e n t l y  a c h i e v ed  by L[5)[JF c a l c u ­
l a t i o n  and t h e  a v a i l a b i l i t y  of  supercomput e r*  have  made t h e  d i r e c t  f i r s t  
p r i n c i p l e s  c a l c u l a t i o n s  of  c r y s t a l  s t r u c t u r e  p o s s i b l e .  The main o b j e c ­
t i v e  of  t h e  p r e s e n t  work i s  t o  deve l op  e c o mp l e t e l y  g e n e r a l  LAPf t o t a l  
ene rgy  coed f o r  bulk  and s u r f a c e  c a l c u l a t i o n s .  T h i s  program baa been 
e x t e n s i v e l y  t e s t e d  l a  the  case  of  b u l k  W and s emi co n d u c t o r  GaAs and o t h ­
e r  sys tems and has  been used t o  s tudy t h e  h igh  p r e s s u r e  Induced s t r u c ­
t u r a l  and l n a u l a t o r - m e t a l  phase  t r a n s i t i o n s  of  Ba c b a l c o g en i d a a  and t o  
s t udy  the  1 (001)  s u r f a c e  r e l a x a t i o n  and r e c o n s t r u c t i o n .  The accuracy  and 
e f f i c i e n c y  demons t r a t ed  i n  t h e s e  c a l c u l a t i o n s  a r e  v e r y  e n c o u ra g i n g .  We 
t h i n k  the  r e s u l t i n g  gene r a l  p o t e n t i a l  LAFW method may be used ,  i n  p r i n ­
c i p l e ,  t o  t r e a t  a l l  b u l k  and s u r f a c e  sys t em ( i n  t e rms  of  s u p e r l a t t i c e  
a p p r o a c h ) ,  l i m i t e d  only  by a v a i l a b l e  computer  r e s o u r c e s .  We h e l p  wi t h  
the  d r a ma t i c  p r o g r e s s  i n  computer  i n d u s t r y  t h i s  method w i l l  be used  as a 
very  i m p o r t a n t  t oo l  f o r  us t o  u n d e r s t a n d  t h e  s t a t i c  and dynamic p r o p e r ­
t i e s  of  s u r f a c e *  and s o l i d *  i n  t h e  m i c r o s c o p i c  l e v e l .  The I n t e r p l a y  be­
tween t he o ry  end e i p e r i m e o t  w i l l  c e r t a i n l y  be v e r y  u s e f u l  in the  f u t u r e .
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Appendix  A 
LATTICE KAEJtONICS
I n  t h i s  a p p e n d i x  we g i v e  a way to  g e n e r a t e  t he  l a t t i c e  harmonica 
f o r  an  a r b i t r a r y  c r y s t a l .
The l a t t i c e  h a r m o n i c s  a r e  t h e  l i n e a r  c o m b i n a t i on  of  the  s p h e r i c a l  
h a r m o n i c a
m (A, l )
where o re  c x p a n e i o n  c o e f f i c i e n t s ,  p e r e  used f o r  numbering the  l a t ­
t i c e  h a r m o n i c a .  There  may be more t ha n  1 l a t t i c e  harmonica  fo r  a p a r ­
t i c u l a r  1 v a l u e .  The l a t t i c e  h a r m o n i c s  have t h e  f o l l o w i n g  p r ope r t y
•, ‘* > V * n> ' V ir l  V - V * a >
f o r  a l l  apace  g r o u p  o p e r a t i o n s  (ftI o f  t h e  c r y s t a l  which t r ans form the 
a toms t o  t  hems e l v e s  o r  e q u i v a l e n t  ones  and ft i s  t h e  po in t - gcoup  p a r t  of
j  _L 4  _k
t h e  s p a c e  g ro u p .  a  t t e  atomic sphere
u ,  I t  i s  a l s o  c o n v e n i e n t  t o  l e t  r e a l  f u n c t i o n s  and
o t h o r n o m a l l x e d  as
J V ' a > V  " s H fK (A,3)
where dH i s  t h e  a n g u l a r  i n t e g r a t i o n .
From t he  d e f i n i t i o n  above we see  t h a t  t h o s e  fR10} themselves  form a 
s u b g r o u p  fi of  t h e  t h e  c r y s t a l  apace  group and E ^ ( r u ) a r e  b a i l s  f unc -
-  106 -
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t i o m  o f  one o f  the  i r r e d u c i b l e  r e p r e s e n t a t i o n s  of  G which  h a t  t h e  urn'  
t r i i  r e p r e s e n t a t i o n  o f  d immenalop 1 and e l l  the e l e n e n t e  e r e  u n i t y .
The l a t t i c e  ha rmoni c s  t h e n  can be o b t a i n e d  by a p p l y i n g  t h e  s t a n d a r d  
t e c h n i q u e  of  g r o u p  t h e o r y .  Us ing a p r o j e c t i o n  o p e r a t o r  on some a u i t s b l y  
ch o s e n  g e n e r a t o r s ,  we bs ve
R  [ A .  4 )
where g i t  t h e  o r d e r  o f  t h e  g r o u p  G ,  and t h e  t m u t t i a  t i o n  i s  over  t h e  whole 
s e t  (it I OK In o u r  case t h e  g e n e r a t o r s  a r e  chosen to  be t he
t o - c s l l e d  r e e l  s p h e r i c a l  b a t n o n i c i  and d e f i n e d  as
¥ cIra —  d l . +  ( - l » - T i ^ )
<3
(A. 5i  )
J2 i
(A . 5 b )
T h i t  w i l l  g u a r a n t e e  t h a t  t h e  l a t t i c e  harmoni ca  a r e  r e a l  f u n c t i o n s .  The 
s e a r c h  goes  o v e r  a l l  t h e  1 . b v a l u e s .  Thus t h e  problem t o  f i n d  Cj r  c o e f ­
f i c i e n t  r e d u c e s  to  f i n d i n g  t h e  m a t r i x  r e p r e s e n t a t i v e s  o f  a r o ­
t a t i o n  R which i t  d e f i n e d  by t h e  r e l a t i o n
P{R>Ylin = J aim
{A.6)
where (he  sun o f  m' goes  o ve r  f rom - 1  t o  1 s ince  we know t h a t  the 
s p h e r i c a l  h a r mo n i c s  of  o r d e r  1 t p a n  ( 2 1 +1 ) —dimens ion  r e p r e s e n t a t i o n s  of  
t he  r o t a t i o n  g r o u p .
l o e
The m a t r i x  r e p r e s e n t a t i v e s  T*r * g iven  by
Wi gn e r (Wi g 3 l , A l t 5 7 ) I f  E i t  i  pure  r o t a t i o n *  I f  E i i  i  i mproper  r o t a t i o n  
11 can a l ways  be expressed.  a t  t h e  p r o d u c t  of a p u r e  r o t a t i o n  R'  by the  
i n v e r s i o n  o p e r a t o r  I :  R ^ R ' l .  T h e r e f o r e  D(R)= ( - 1 } ^D(R' ) *  Th i s  i a  ao b e -  
c a u s e  s p h e r i c a l  harmonic* of  even and odd o r d e r  a r e  symme t r i ca l  and an­
t i  symme t r i ca l  r e * p e c t i v e l y  under  i n v e r s i o n .
I f  we use the  a t an da r d  norma l i ze d  s p h e r i c a l  h a r m o n i c a (J ac75 )
1 Pj  ( c O i B i e ^
1 yj 4 TT + ln
t h e  D m a t r i x  a r e  g i ve n  by
D1 J „ p B)I1Ci i f11( a 1y ) S B j B (3 3
where
pi n  *
s . (e)-t , i , t  LUtpypj Utw’)> U-m1)!]^
,  a g ™ " * ' * '  ■ S ; ^ + m ’- w c ^ )






In  t h i a  e x p r e s s i o n  u,fl and y(0<u<2n,  <K0( jt, {Hy <2i i) a r e  t h e  
E u l e r  a n g l e s ,  The baa the  f o l l o w i n g  symmetry p r o p e r t i e s .
S 1 , fc<0)** _ r■3 i t  m, m
(A.10c)
s l m- + - a - i n ■. -jb
( A . l O d )
A f t e r  we o b t a in  t h e  D mat r ix  t h e  C j n c o e f f i c i e n t  can be o b t a i n e d  by
CC1»“5  (DlB ^ CH> + ( - 1)1,I>1|a - m <R))m- ( A . l i t )
C- 1b- J  ( l / i H D 1jftJffl( R ) - [ - l ) inD1ii . r a (R))
w  (A.Hb)
F i n a l l y  app l y ing  the  Schmidt o t h o r n o r x a i I r a t l o n  p r o c e d u r e  we can f i n d  
■ 11 t h e  l i n e a r l y  independent  l a t t i c e  harmoni ca  f o r  a s p e c i f i e d  c r y t t a l  
t t r n c t n r e ■
Appendix B
3-D STAB FUNCTIONS
S t a r  f unc t i ons  e r e  f u l l y  t ymmet r i rod  p l ene-wave* t od  d e f i n e d  a t
n . £
J  n l
~ x \  ai»s( - t r - V *  
% (B. l )
where Ca I t  a 3D i t e r  r c p r e s e n t i v e  r e c i p r o c a l - ! * t t i u p  v e c t o r .  R 
i t  t h e  po in t  a m  up p a r t  of the apace group o p e r a t i o n  {Rlt 'p] ,  t g  i t  a
n o n p r i n i t i v e  t r a n s l a t i o n  v e c t o r  and nfl i s  t h e  o r d e r  of  the  c r y s t a l
space group.  The s t a r  f u n c t i o n s  d e f i n e d  i n  e q . ( B . l )  c l e a r l y  hove the
f u l l  symmetry of the c r y s t a l .  Let  be the  number of  d i s t i n c t  vec t o r *  
-I
of  {RG.J.  where R goes over  a l l  t he  space group o p e r a t i o n .  Ye know from 
group theory  t ha t  m must  be a i n t e g e r  and the  s t a r  f u n c t i o n  can be 
w r i t t e n  as
P hy s i c a l  q u a n t i t i e s  l i k e  the  charge  d e n s i t y  and p o t e n t i a l  must have 
the symmetry of the c r y s t a l ,  1 0  t hey can  be F o u r i e r  t r a n s f o r me d  in  terms 
of the  p lane  waves,  a c t u a l l y  expanded i n  t e r n s  of  s t a r  f u n c t i o n s .
(B,2)






{R | t g l  pf x ) =p{ r )
(B.4b)
f o r  a l l  t h e  apace g roup  o p e r a t i o n * .
I t  can be shorn  t h a t  t h e  f o l l o w i n g  r e l a t i o n s  h o l d  f o r  t h e s e  expan­
s i o n  c o e f f i c i e n t s ,  phase  f a c t o r s  and t h e  s t a r  f u n c t i o n s .
y .  )  ( B,3>
^  - 4 5™s<^ *j
i y a , ^  PHS(^’ ,)PHS*(^* ,)=1
>  J J (B,7)
(B. 6)
p( r f 1
{ r )d^=
J * * m*
In o r d e r  t o  prove  e q u t i o n  ( f l , J )  we n o t i c e  t h a t
Z  £ j ‘i J
I f  we chose  (?* as  t h e  r e p r e s e n t i v e  v e c t o r  of s t a r  s t he n  t h e r e  
a r e  o p e r a t i o n s  a such t h a t
a<j* = ^ V
(B.8)
<B,p)
( B . 10)
fo r  each member of  t h e  s t a r  s,  and p{ r )  becomes
* ' * - 5 }  -’5 , 0 ' “ ^ *  s * . & i
J ,  ( W * 1 1 J
Use e q u a t i o n  (E.4b)  and the theorem t h a t
112
J  {pl [ f l f?  )
p ?■ (B. 12)
«  Ji*ve
£
J J . {B. 13)
T h i i  p rove*  e q u a t i o n  (B.3) , Tht o t h e r  p r o o f s  a r e  t r i v i a l .
Appendix C 
OVERLAPPING GORE STATES
I n  t b i t  A p p e n d ix  wo d e r iv e  an Approximate f o r mu l a  t o  expend the 
chargy d e n s i t y  of "sen i - c o r e '' s t a t e s .  which axe n o t  c o mp l e t e l y  l o c a l i s e d  
I n s i d e  the  NT sphe r e ,  I n t o  the  p r o p e r  e x p a n s i o ns  i n  d i f f e r e n t  r e g i o n s ,  
an a r t i f i c i a l  HT charge  d e n s i t y  i t  need t o  improve t h e  convergence  of 
the  p l ane -wave  e x p a n s i o n .
The core  charge d e n s i t y  can be w e l l  a p p r ox im a t e d  as  t h e  s u p e r p o s i ­
t i o n  of  each n o n i n t e r a c t i n g  s p h e r i c a l  a t omi c  c h a r ge  d e n s i t y  and expanded 
i n  terms o f  t h e  l a t t i c e  harmonics  and s t a r  f u n c t i o n s  i n  each  r e g i o n .
ha rmoni cs  i n d  ^ ( i )  a r e  s t a r  f u n c t i o n s .  Te d e f i n e  t h e  a r t i f i c i a l  charge 
d e n s i t y  f o r  each atom as  f o l l o w i n g :
r i n  i n t e r s t i t i s l  .
( C . l )
Where p ( r )  i s  t h e  charge  d e n s i t y  and E <r ) a r e  t he  l a t t i c e
f
p t r ) =  1
r t s p h e r e a
r # i n t e r s t i t i a l .
<C,2)
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The c o e f f i c i e n t !  kq end a r e  de t e rmi ne d  by c o n t i n u i t y  of  the 
cha rge  d e n s i t y  and i t a  d e r l v e r t i v e  a t  the  MT s phere* .  Then the  a r t i f i ­
c i a l  cha rge  d e n s i t y  r a t h e r  t han  the r e a l  cha rge  d e n s i t y  i t  expanded in 
p l a ne  waves .
The e xpa ns i on  c o e f f i c i e n t s  p can be e a s i l y  ob t a i ned  through an 
a n a l y t i c a l  i n t e g r a t i o n  i n t i d e  the  ITT s pheres  and numerical  I n t e g r a t i o n  
o u t s i d e  f o r  a l l  atoms i n  the  u n i t  c e l l .  The e x p l i c i t  e xp r e s s i on  f o r  pO
ere  g i v e n  by
S i n c e  the  a r t i f i c i a l  charge d e n s i t y  h a t  a smoothly va ry ing  p a r ab o l a  form 
i n s i d e  the s phe r e  the  convergence p r o p e r t i e s  a r e  g r e a t l y  improved .
A f t e r  we o b t a i n  t h e  F o u r i e r  c o e f f i c i e n t s  the c o n t r i b u t i o n  of  core 
e l e c t r o n s  t o  t h e  i n t e r s t i t i a l  charge d e n s i t y  i s  ob t a ined  i mmedi a t ly , 
The c o n t r i b u t i o n  t o  the  l a t t i c e  harmonics  expans ion  i n s i de  each spharc 
can be o b t a i n e d  i n  a s i m i l a r  p r ocedu r e  as we f i n d  the boundary c o nd i t i o n  
f o r  the  Coulomb p o t e n t i a l  i n s i d e  MT spheres  i n  eg,  ( 32 ) ,  Not ice in do­
ing t h i s  we should  s u b t r a c t  the  a r t i f i c i a l  a ^+ b ^ r 1 term from the 
s t a r  e x p a n s i o n .
( C . 3 )
(C.4)
where t Q i s  t h e  p o s i t i o n  of  a t  on a  and
(C.3)
A ppaad i i  D
APPLICATIONS OF THE CFfT METHOD
I h e  complex f e a t  F o u r i e r  t r s u a f o r m a t l o n  s p e e d s  the I n t e g r a t i o n  in  
the  i n t e r a t i t i a l  r e g i o n  s i n c e  i t  r e d u c e  the number of  c a l c n l x t i o n a l
s t e p s  o f  a N d i s c r e t e  p o i n t s  ay a t e n  t o  p r o p o r t i o n a l  to  N*LogjN I n s t e a d
of t o  N*N i n  ■ d i r e c t  summation scheme,
The i d e a  l a  a s  f o l l o w s ;  f o r  i n t e r s t i t i a l  i n t e g r a t i o n  o f  t h e  form
where t h e  i n t e g r a t i o n  Is o ve r  t h e  i n t e r s i t l a l  volume Oj w i t h i n  a u n i t
I n s t e a d  o f  c a l c u l a t i n g  t h i s  q u a n t i t y  w i t h  a double  summation over  a l l  
the C v e c t o r s ,  which i s  v e r y  t ime consuming e s p e c i a l l y  f o r  a low iymm*— 
t r y  sys t em where more p l a n e  waves  a r e  n e c e s s a r y ,  we f i r s t  F o u r i e r  t r a n s -
(D. J )
c e l l  and
(D.2)
form and from t h e  r e c i p r o c a l  space  i n t o  t he  r e a l  space and e a l e u -  
l a t e  t he  p r o d u c t  F ( r  j ) =^1 ( r^  J • ¥ ( r  j > d i r e c t l y  i n  t h e  r e a l  space  a t  M 
d i s c r e t e  p o i n t s  sod t h e n  F o u r i e r  t r a n s f o r m  F ( i ^ )  bscfc t o  r e c i p r o c a l  




i t  t h e  F o u r i e r  t r a n s f o r m  of  the  s t e p  f u n c t i o n  9 ( r )
which i t  equa l  t o  L i n  t h e  i n t e r s t i t 1*1 tod  0 i n  t h e  MT s p h e r e s .  I t  i t  
c a l c u l a t e d  and saved once and f o r  a l l .  In  t h i t  p r oc e d u r e  we have changed 
t h e  double  summat ion t o  a t i n g l e  *namet i on .  The a c c u r ac y  of  t h i t  method 
i a  a l t o  g u a r a n t e e d *  A t e a t  c a t e  u s i n g  the  d i r e c t  double summat ion and 
t h e  CFFT method gave the  i d e n t i c a l  r e a u l t a  to t h e  machine p r e c i s i o n .
rhe CFFT method can a l t o  be used  t o  r e a n a l y z e  the  i n t e r a t i t i a l  po­
t e n t i a l ,  The r e a n a l y z e d  e x p a n s i o n  c o e f f i c i e n t  i s  d e f i n e d  by t h e  e q u a t i o n
(P.  j )
i a  t b s  I n t e r a t i t i a l  p o t e n t i a l .  I t  can be shown t h a t  the e x p a n s i o n  c o e f ­
f i c i e n t  i a  g i v e n  by
r e a l  s pace ,  aec-pjid do the  p r o d u c t  9 ( r j ) V j ( r ^ )  i n  the  r e a l  
sp a c e ,  t h i r d  t r a n s f o r m  t h e  p r o d u c t  bach  t o  r e c i p r o c a l  apace* In t h i s  way 
we can o b t a i n  a l l  t h e  r e a n a l y z e d  e x pans i on  c o e f f i c i e n t s  s i m u t a n t  on s l y . 
The a c c u r ac y  a g a i n  ha s  the  machine p r e c i s i o n *
( 0 , 4 )
where
( n . « )
f o r  a l l v e c t o r s .  Using the  CFFT method we can a l s o
f i r s t  t r a n s f o r m  V1^ and t h e  s t e p  f u n c t i o n  from the  r e c i p r o c a l  apace  to
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